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Abstract

Some reptiles surprise humans with excellent tribological properties in terms of adhesion, friction, and
wear, which originate from the long time of evolution in their respective living environment. Mimicking
these unique tribological properties enables researchers to develop reptile-inspired surfaces with similar or
even more advanced abilities. Thus, studying the tribological properties of reptiles as well as transferring
their design to the artificial surfaces are of great importance for finding new solutions to engineering prob-
lems which are related to friction and wear.

After a brief introduction into the topic and a short recall of the applied methodologies, four chapters of
this thesis deal with different aspects of reptile scales. Chapter 3 focuses on the sandfish (Scincus scincus),
which is widely known for its special ability to swim in loose, aeolian sand without noticeable wear on its
scales. The microscopic structural and tribological properties of single sandfish scales are characterized by
atomic force microscopy (AFM) with various types of probe including sharp silicon tips, spherical glass
tips, and sand debris. Snake scales together with several technical surfaces are also analyzed for compari-
son. The experimental analysis demonstrates that scales of sandfish and snakes show lower friction coeffi-
cients than most technical surfaces. However, their adhesion and abrasion resistant properties are not supe-
rior to those of technical surfaces. Sandfish scales do not show any exceptional tribological properties if
compared to snake scales. Other reasons such as the elastic properties of its epidermis or the dynamics of
its locomotion are supposed to be responsible for the observed low wear rates of sandfish scales during the
sand swimming.

The multi-functionality of the scales from different regions of the snake bodies (i.e. dorsal, ventral, and
spectacle scales) are investigated in the next chapter. For an individual snake species, the micro-ornamen-
tations on these three types of scales were found to be very different. The dorsal scales of different snake
species feature diverse microstructures. However, the ventral scales of most investigated snakes show very
similar oriented micro-fibril structures, and the spectacle scales demonstrate stitching polygon like struc-
tures. Characterization of the cross sectional architecture indicates stacked, layered structures on snake
scales of all body regions. Ventral scales are nearly three times as thick as dorsal scales of the same species.
Wettability, adhesion force, and spectral transmittance property were characterized and correlated with the
micro-ornamentations on the scales. Dorsal scales are considered as the self-cleaning surface and light
scattering filter to protect snakes from contamination and solar radiation. Spectacle snake scales sacrifice
self-cleaning capability for obtaining high spectral transmittance in visible light and near-infrared spectrum.
They can also block harmful ultraviolet light. Although displaying similar wettability and spectral trans-
mitting ability as spectacle scales, ventral scales are widely accepted as a frictional component for optimiz-
ing the locomotion performances of snakes.

The fifth chapter deals with the frictional anisotropy of snake and sandfish scales. A sharp AFM tip scan-
ning along the micro-fibril structures on ventral snake scales (i.e. upward and downward the nano-steps at
the fibril ends) reveals significant friction anisotropy. Scanning up and down the nano-step structures of
dorsal sandfish scales shows the same effect. The friction for an AFM tip scanning upward a nano-step
increases significantly with the step height, while the increase is not apparent for downward scans. This
effect leads to a nano-step height dependent friction anisotropy. A larger step height causes a larger friction
anisotropy. With the micro-fibrils pointing towards the tail, snakes move much easier in forward than back-
ward direction, which is favorable for them when climbing slops. The same effect is also found on a poly-
meric replica of N. atra ventral scale. Experiments with micro-tribometer coincide with the above results.
More interestingly, snakes vary nano-step height and therefore the subsequent friction anisotropy in differ-
ent segments of their bodies. A general distribution pattern of friction anisotropy is observed along the body
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of the examined snakes, i.e., larger friction anisotropy in the middle and tail section than in the other areas.
Snakes might benefit from such design to realize optimized frictional performances during locomotion.

Inspired by the step height dependent friction anisotropy found on the ventral scales of snakes, a tunable
friction anisotropy surface was fabricated with shape memory polymers (SMPs) via hot embossing in Chap-
ter 6. The shape memory effect of the polymers enables the surface to reversibly switch between a flattened
topography and a micro-fibril structured topography, resulting in tunable anisotropic friction along the mi-
cro-fibrils. AFM characterization shows that the shape-changing capability in terms of nano-step height
and friction anisotropy can reach up to nearly 1000% and 300%, respectively. Moreover, the SMP topog-
raphy recovers continuously and controllably with heating time allowing it to achieve desired step height
and friction anisotropy on the surface by abruptly terminating the heating before full recovery. Long-term
stability and reusability tests reveal that, at any arbitrary stage of the SMP programming/recovery cycle,
the step height at the micro-fibril ends is highly stable in three months or after eleven programming cycles.
Finally, the tunable friction anisotropy surface was utilized as a functional platform for unidirectional
transport of micro-particles. As an example, a single PDMS microsphere was unidirectionally transported
for nearly 5 mm on the structured SMP surface, while no significant movement (less than 0.1 mm) was
observed on the flattened surface. The structured surface can also simultaneously transport many micro-
spheres or micro sand particles towards a desired direction. This mechanism provides a promising prospect
for applications such as dry self-cleaning coatings without liquids or particles sorting or separation devices.
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Einige Reptilien iberraschen den Menschen mit hervorragenden tribologischen Eigenschaften in Bezug auf
Adhasion, Reibung und Verschleif3, die aus der langen Entwicklungszeit in ihrem jeweiligen Lebensumfeld
stammen. Durch die Nachahmung dieser einzigartigen tribologischen Eigenschaften kénnen Forscher von
Reptilien inspirierte Oberflachen mit &hnlichen oder noch fortgeschritteneren Fahigkeiten entwickeln.
Daher sind Versuche, die tribologischen Eigenschaften von Reptilien zu untersuchen und sie auf kiinstliche
Oberflachen zu lbertragen, von groRer Bedeutung, um neue Losungen fiir technische Probleme zu finden,
die mit Reibung und Verschleill zusammenhéngen.

Nach einer kurzen Einflihrung in das Thema und einem kurzen Riickblick auf die angewandten Methoden
befassen sich vier Kapitel dieser Arbeit mit verschiedenen Aspekten der Reptilienschuppen. Kapitel 3
konzentriert sich auf den Sandfisch (Scincus scincus), welcher weithin bekannt ist fir seine besondere
Féhigkeit, in lockerem, dolischem Sand zu schwimmen, ohne dass sich die Schuppen merklich abnutzen.
Diese Arbeit charakterisiert die mikroskopischen strukturellen und tribologischen Eigenschaften einzelner
Sandfischschuppen durch Rasterkraftmikroskopie (AFM) mit verschiedenen Arten von Sonden,
einschlieBlich scharfer Siliziumspitzen, kugelférmiger Glasspitzen und Sandtrimmern. Zum Vergleich
wurden auch Schlangenschuppen zusammen mit mehreren technischen Oberflachen analysiert. Die
experimentelle  Analyse zeigt, dass Schuppen von Sandfischen und Schlangen niedrigere
Reibungskoeffizienten aufweisen als die meisten technischen Oberflachen. Jedoch sind Ihre Haft- und
Abriebfestigkeitseigenschaften denen technischer Oberflachen nicht Gberlegen. Sandfischschuppen zeigen
im Vergleich zu Schlangenschuppen keine auBergewohnlichen tribologischen Eigenschaften. Andere
Grinde wie die elastischen Eigenschaften der Epidermis oder die Dynamik der Fortbewegung sollen fiir
die beobachteten geringen Verschlei3raten der Sandfischschuppen wahrend dem ,,schwimmen* durch den
Sand verantwortlich sein.

Die Multifunktionalitit der Schuppen aus verschiedenen Regionen der Schlangenkdrper (d. h. dorsale,
ventrale, und Brillenschuppen) werden im ndchsten Kapitel untersucht. Die Mikroornamente auf diesen
drei Arten von Schuppen war fir eine Schlange sehr unterschiedlich. Die Ruckenschuppen verschiedener
Schlangenarten weisen unterschiedliche Mikrostrukturen auf. Jedoch zeigen die ventralen Schuppen der
meisten untersuchten Schlangen sehr &hnlich ausgerichtete Mikrofibrillenstrukturen auf, und die
Brillenschuppen  besitzen ndhende polygonartige  Strukturen. Die  Charakterisierung  der
Querschnittsarchitektur zeigt, dass gestapelte Schichtstrukturen auf Schlangenschuppen in allen
Korperregionen zu finden sind. Ventrale Schuppen sind fast dreimal so dick wie Rlckenschuppen derselben
Schlange. Benetzbarkeit, Adhésionskraft und spektrale Transmissionseigenschaft wurden charakterisiert
und mit den Mikroornamenten auf den Schuppen korreliert. Riickenschuppen gelten als selbstreinigende
Oberflachen und als Lichtstreufilter, um Schlangen vor Verunreinigungen und Sonneneinstrahlung zu
schiitzen. Brillenschlangenschuppen opfern die Selbstreinigungsféhigkeit, um eine hohe spektrale
Durchl&ssigkeit im sichtbaren Licht und im nahen Infrarotspektrum zu erzielen. Sie kdnnen auch
schadliches Ultraviolett blockieren. Obwohl sie eine &hnliche Benetzbarkeit und spektrale
Ubertragungsfahigkeit wie Brillenschlangenschuppen aufweisen, werden ventrale Schuppen als
Reibungskomponente zur Optimierung der Fortbewegungsleistung von Schlangen allgemein akzeptiert.

Das fiinfte Kapitel untersucht die Reibungsanisotropie von Schlangen und Sandfischschuppen. Eine scharfe
AFM-Spitze, die entlang der Mikrofibrillenstrukturen, auf den ventralen Schlangenschuppen, abtastet (d.
h. die Nanostufen nach oben und unten, an den Fibrillenenden), zeigt eine signifikante Reibungsanisotropie.
Der gleiche Effekt zeigt auch das Auf- und Abscannen der Nano-Stufenstrukturen auf dorsalen
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Sandfischschuppen. Die Reibung der AFM-Spitze, die die Nanostufe nach oben abtastet, nimmt mit ihrer
Stufenhdhe signifikant zu, wahrend bei der abwérts Stufe die Zunahme nicht erkennbar ist, was zu einer
Nanostufenhdhe abhéngige Reibungsanisotropie fiihrt. Eine gréere Stufenhdhe verursacht normalerweise
eine grofere Reibungsanisotropie. Wenn die Mikrofibrillen zum Schwanz zeigen, bewegen sich Schlangen
viel leichter vorwarts als riickwarts, was fur sie beim Klettern von Hangen ginstig ist. Der gleiche Effekt
findet sich auch bei einer polymeren Nachbildung von N. atra ventral. Experimente mit Mikro-Tribometrie
stimmen ebenfalls mit den obigen Ergebnissen iberein. Interessanter ist, dass Schlangen sogar die Hohe
der Nanostufen sowie die Reibungsanisotropie in verschiedenen Segmenten ihres Kdrpers variieren. Ein
allgemeines Verteilungsmuster der Reibungsanisotropie findet sich entlang des Kérpers der untersuchten
Schlangen, d. h. Eine gréBere Reibungsanisotropie herrscht im Mittel- und Schwanzabschnitt als in den
anderen Bereichen. Schlangen konnten von einem solchen Design profitieren, um wahrend der
Fortbewegung optimierte Reibungsleistungen zu erzielen.

Inspiriert von der stufenh6henabhéangigen Reibungsanisotropie auf den ventralen Schlangenschuppen,
wurde in Kapitel 6 eine einstellbare anisotrope Reibungsoberflache mit Formgedéchtnispolymeren (SMPs)
durch HeilRprégen hergestellt. Der Formgedéchtniseffekt der Polymere ermdglicht es der Oberflache,
reversibel zwischen einer abgeflachten Topographie und einer Topographie mit Mikrofibrillenstruktur
umzuschalten, was zu einer einstellbaren anisotropen Reibung entlang der Mikrofibrillen fihrt. Die
Charakterisierung mittels AFM zeigt, dass die Formanderungsféhigkeit in Bezug auf Nanostufenhéhe und
Reibungsanisotropie bis zu fast 1000% bzw. 300% erreichen kann. Dariiber hinaus erholt sich die SMP-
Topographie kontinuierlich und kontrollierbar mit der Erwdrmungszeit, wodurch sie die gewinschte
Stufenhéhe und Reibungsanisotropie auf der Oberflache erreichen kann, indem die Erwarmung vor der
vollstdndigen Wiederherstellung abrupt beendet wird. Langzeitstabilitats- und Wiederverwendbarkeitstests
zeigen, dass in jedem beliebigen Stadium des SMP-Programmier- / Wiederherstellungszyklus die
Stufenhdhe an den Mikrofibrillenenden in drei Monaten oder nach elf Programmierzyklen hochstabil ist.
Schlielflich wurde die einstellbare anisotrope Reibungsoberflache als funktionelle Plattform fir den
unidirektionalen Transport von Mikropartikeln verwendet. Als Beispiel wiirde eine einzelne PDMS-
Mikrokugel fast 5 mm unidirektional auf der strukturierten SMP-Oberflache transportiert, wéhrend auf der
glatten Oberflache keine signifikante Bewegung (weniger als 0.1 mm) beobachtet wurde. Die strukturierte
Oberflache kann auch gleichzeitig viele Mikrokugeln oder Mikrosandpartikel in die gewiinschte Richtung
transportieren. Dieser Mechanismus bietet vielversprechende Perspektiven fiir Anwendungen wie trockene
selbstreinigende Beschichtungen oder Partikelsortier- oder Trennvorrichtungen.
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1 Introduction

Plants and animals are well optimized for their habitat through the principle of natural evolution. Some of
them are equipped with functional surfaces featuring fascinating micro- or nanostructures. For a long time,
these biological functional surfaces have offered infinite inspirations to humans for addressing challenges
in engineering [1-5]. Mimicking the micro- or nanostructures from nature and transferring them to industrial
applications, abundant artificial products have been developed such as strong adhesive tapes inspired by
the gecko feet [4, 6], self-cleaning surfaces inspired by Lotus leaves [7], drag reduction aircraft wings or
swimming suits inspired by the shark skin [4, 8, 9], anti-slippery vehicle tires inspired by tree frog toe pads
[4, 10-12] and so on. Among these biological examples, reptiles are the group of tetrapod animals in the
Class Reptilia including turtles, snakes, lizards, crocodilians and some other relatives [13]. They usually
enlighten researchers and engineers with fabulous tribological properties in terms of adhesion, friction,
wear, and lubrication due to their special living performances optimized to their surroundings [4, 5]. In fact,
a major issue we are facing is that nearly 23% of the world’s energy consumption is caused by tribological
contacts [14], e.g., energy loss from car engines or manufacturing processes. Therefore, developing new
surfaces or elements for the reduction of the tribology-induced energy loss shows a huge economic poten-
tial. Reptiles are very likely natural prototypes who hold the key to this urgent problem.

One example is Scincus scincus, a lizard widely known for its talent of swimming in loose, aeolian sand
[15] and thereby also commonly named sandfish. Living in the deserts ranging from North Africa through
the Sahara into Arabian Peninsula [16], this lizard buries itself beneath the sand to protect from predators
and extreme heat. The unique ability of this lizard is that it can also “swim” under the sand for several
meters with the velocities of up to 30 cm/s [17-19], making it a more captivating species if compared to
other reptiles. Furthermore, although conducting this “swimming” behavior many times every day, it sur-
prisingly exhibits no visible wear on its skin. This is very astonishing considering that the sand grains can
easily scratch most technical surfaces even the hard ones like glass or steel. Fascinating tribological prop-
erties such as low friction coefficients [19-24] and high abrasion resistance [17, 19, 23, 24] were observed
on dorsal sandfish skin by a granular tribometer [23]. Several attempts have been made to explore the reason
for these favorable properties. Initially, the nanoscale comb-like step structures on dorsal sandfish scales
were suspected to enhance tribological properties [19]. However, a recent study pointed out that the neutral
glycans in the chemical composition of the sandfish scales might induce a low adhesion [25-27]. Nonethe-
less, these friction and wear characteristics determined by the granular friction approach were all roughly
evaluated from macroscopic analysis. The tribological performance of sandfish interacting with sand par-
ticles on a tiny scale was so far not conducted. Such studies will be important for investigating the tribo-
logical properties of sandfish when the contacts of sandfish scale and sand particles reduce to micro- or
even nanoscale range. Besides this, it can also further clarify the function of the nano-step structures on
dorsal sandfish scales.

Snakes (Squamata: Serpentes) are the most common reptiles in nature and until now, more than 3600 spe-
cies have been described [28]. In difference to most lizards, snakes have no extremities and therefore have
to locomote directly in contact with the substratum via their ventral side [29-33]. In this case, ventral snake
scales unavoidably endure friction and wear during locomotion, which presumably evolved interesting
tribological properties. In fact, the snakes’ epidermis initially interested researchers to start with the obser-
vation of the micro-ornamentations on their “Oberhdutchen” nearly 150 years ago [34]. After that, for a
long time the investigations grew slowly until the scanning electron microscopy (SEM) was introduced to
image the micro-dermatoglyphic patterns on the snake scales [35-43], which greatly accelerated the studies.
So far, hundreds of species have been examined and various micro-ornamentations have been found and
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characterized. The dorsal scales of snakes display diverse ultra-structures which were particularly summa-
rized into several types: verrucate pattern [41], canaliculate ridges [40], cristate apical pattern [38], cross-
hatched pattern [39, 43], papillate pattern [37], and reticulate or porous structure [36]. These microstruc-
tures were first recognized as the ecological indicator or taxonomical tool for correlating with their habitat
preferences [37, 44]. However, in difference to the dorsal scales, the majority of snakes exhibit very similar
oriented, spike-shaped, longitudinal ridge structures (micro-fibril structures) on their ventral scales [45-52].
In addition, widely known among biologists, snakes do not have movable eyelids but possess two fixed and
transparent scales covering their eyeballs, which are commonly called spectacle scales [53]. This type of
scale is a part of the whole snake scale and molts together with the other scales from every 20 days to a
year depending on respective species and its age [54, 55]. The reported studies about the microstructures
on spectacle snake scales were limited and obscure in explanation [56, 57]. A more detailed analysis of the
spectacle scales is needed.

The functions of the microstructures on the scales of snakes and sandfish are of high interest, especially the
structures which are related to tribological abilities. The early theory proposed that the microstructures on
lizard scales act as a zip-fastener for connecting the new and old skin before molting [58] and can even
mechanically strengthen the scale surface [6, 59]. Then due to their diversity in types, the dorsal scales of
snakes attracted more attention and were widely discussed. Several designated capabilities have been de-
tected depending on different species, such as scattering light to reduce solar radiation penetrating into the
organism [41, 60], enhancing dark coloration [61], and harvesting water [62] or self-cleaning (anti-contam-
ination) properties [44, 63, 64]. It seems that snakes carefully decorate the scales on their back with dedi-
cated microstructures for particular, individual demands according to their habitat. Regarding the ventral
scales, previous studies state that the micro-fibril structures on snake abdomen contribute primarily to im-
prove frictional performance, e.g., reducing friction [21, 65, 66] or creating friction anisotropy [45-52].
These results are mainly obtained by two common experimental methods, i.e., measuring the angle of a
tilted slope where the whole body of an unconscious (anesthetized or euthanized) snake slides down [31,
32, 67, 68] or measuring the friction coefficient on molted snake scales by a tribometer [45, 50-52, 69]. The
first method can evaluate the averaged frictional properties of the whole snake belly, which is similar to the
frictional performance of a real snake’s locomotion. Friction measurement on molted snake scales (second
method) cannot achieve this but allows to characterize friction on single scales. Studies by both methods
found friction anisotropy on ventral snake skins (or scales), while only a few of them correlated this fric-
tional property to the micro-fibril structures [31, 47, 49, 52, 69]. One study conducted frictional character-
ization at single micro-fibril ends by atomic force microscopy (AFM) and reported friction anisotropy for
the AFM tip scanning forward and backward directions [49]. Despite this, the nanoscale mechanism of
friction anisotropy originating from micro-fibril structures as well as the frictional performances along the
snakes’ bodies has not been clearly understood. These demands recall the frictional studies at atomic-scale
step edges of crystal surfaces such as graphite, MoS,, and NaCl [70-72], which was also conducted by
AFM. Such studies might provide a new method for characterizing the frictional properties of single micro-
fibrils to explore the origin of friction anisotropy on snake belly. Spectacle scales serving as the window
for eye lens function as a mechanical protector and a spectral filter against solar radiation [53, 73-76]. So
far, high-pass for visible light but low transmission for certain infrared spectrum [73] and even cut-off in
the ultraviolet spectrum [74-77] was observed on the spectacle scales of more than 60 snake species. From
the tribological aspect, another possible ability that spectacle scales might possess is a self-cleaning prop-
erty. Snakes travel so close to the ground with dust or other contaminations all around, but they do not have
any hands or legs to wipe their eyes. Thus, their unmovable spectacle scales might be able to self-clean
considering that they are important for transmitting visible lights and thereby demand a constantly clean
surface. A previous study which measured the water contact angle on the spectacles of Gekko gecko shows
an equilibrium value of less than 100° [78]. As for spectacle snake scales, however, such type of examina-
tion is rarely reported.
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Consequently, it seems that the scales in different regions of snakes and sandfish feature diverse micro-
structures to obtain multi-functional abilities for better adapting to their habitats. Besides this, it is also
interesting to note that almost all scales might display at least one type of excellent tribological capabilities
concerning the adhesion, friction, and wear resistance. These characteristics make the reptile scales an ideal
biological example for biomimetic applications. Moreover, if comparing between ventral snake scales and
dorsal sandfish scales, one can find that the micro-fibril structures featuring a nano-step at each fibril end
are closely cognate with the step structures on sandfish (see Figure 1.1). Both types of scales are in contact
with substrates (snakes sliding) or sand particles (sandfish “swimming”) during their locomotion. This im-
plies similar structure-induced-friction mechanism on these two reptiles. Thus, examining the friction at
these nano-steps with a “nano-tribometer” is of utmost significance for comprehending the trick of reptiles
manipulating friction and further finding the key to control friction on artificial surfaces.

115 nm

-215 nm

80 nm

=140 nm

65 nm

-95 nm

200 nm

=275 nm

Figure 1.1: Micro-fibril and nano-step structures on ventral snake and dorsal sandfish scales. Photos of three snake species (N. atra,
S. diadema, and P. guttatus) and sandfish (S. scincus) are shown in the left column. The second and third columns display
their corresponding topography images obtained by the scanning electron microscopy and atomic force microscopy,
respectively. Nano-steps at oriented micro-fibril ends on ventral snake scales resemble the step structures on dorsal
sandfish scales. The schematic snake drawing on the top indicates the orientation of the micro-fibrils pointing towards
the tail. Copyright of all snake photos is by Guillaume Gomard and of the sandfish photo by Gerrit Jan Verspui. Used
with kind permission.
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In addition, mimicking the nano-step structures of snake or sandfish scales and transferring their fascinating
tribological properties to technical surfaces for engineering applications will be of high interest. Inspired
by snakes, several artificially tribological surfaces have been designed and fabricated through replicating
the arrangement of snake scales on a metal surface [66, 79] or mimicking the micro-fibril structures on the
polymer [48], metal [51, 80], and even a ceramic surface [81] by different techniques. Friction coefficients
on these snake-inspired artificial surfaces were found to be even lower than a flat reference of the same
material, and fascinating friction anisotropy was observed in the opposite directions along the micro-fibrils.
All these attempts illuminate the possibility of fabricating the microstructures of reptile scales onto tech-
nical surfaces for reducing friction or creating friction anisotropy, which will have a prospective future in
industrial applications such as anti-slippery surfaces or snake-shaped robots. However, all these reported
surfaces can only display a constantly reduced or anisotropic frictional performance. A more intelligent,
tunable frictional surface, which possesses the ability of dynamically switching between isotropic and ani-
sotropic friction, will open a new path for extended utilizations such as particle sorting or separation sys-
tems or dry self-cleaning coatings.

Based on all of the above, this work aims to characterize the structural and tribological properties of sand-
fish and snake scales in order to nail down the mechanism of their microstructure-caused tribological abil-
ities, and make it applicable on technical surfaces for advanced tribological utilizations. Thus, the objectives
of this thesis are:

1. Systematical characterization of the tribological properties of sandfish and snake scales.

2. Investigation of the function of the micro- or nanostructures existing on ventral, dorsal, and spectacle
snake scales.

3. Analysis of the frictional performance of nano-step structures of ventral snake scales and dorsal sandfish
scales.

4. Equipment of nano-step structures onto technical surfaces for intelligent tribological performances and
exploration of their potential applications.

A series of theoretical and experimental analysis was conducted in this thesis to successfully achieve these
objectives. The following chapter gives an overview of the theory as well as the methods and technical
tools used in this thesis. Chapter 3 presents a comparison of the tribological properties including adhesion,
friction, and abrasion resistance between sandfish scales, snake scales as well as some other technical sur-
faces. Next the structural properties, wettability, and spectral transmitting properties of scales from different
regions of snake body are characterized and the multi-functionality of snake scales is discussed in Chap-
ter 4. In Chapter 5 the frictional performance at the nano-step structures on ventral snake scales and dorsal
sandfish scales is analyzed in detail by AFM and the nanoscale mechanism of friction anisotropy on these
scales is clarified. Chapter 6 introduces the replication of the micro-fibril structures from the ventral side
of snakes onto a shape memory polymer realizing a tunable friction anisotropy surface and its application
for unidirectional transport of granular particles. Finally, Chapter 7 gives a summary of my study and an
outlook on further possible developments.



2 Theoretical and methodological
background

For the investigation of reptile scales and the employment of reptile-inspired tribological surfaces, a series
of characterization, analyzation as well as fabrication processes was applied. This chapter introduces the
basic theoretical and experimental methods used in this work. For the characterization of the tribological
properties of reptile scales, a fundamental understanding of the tribology related theory is necessary. After
that, the biological and technical samples acquired for characterization are reviewed. Finally, the relevant
surface analysis tools together with the fabrication tools and techniques, which are exploited for the devel-
opment of the artificially tribological surfaces, are presented.

2.1 Basis of tribology

Since Peter Jost coined the scientific name of “tribology” in 1966 to express “the science and technology
of interacting surfaces in relative motion and of associated subjects and practices” [82, 83], the term became
widely utilized in the field related to this topic. The invention of atomic force microscopy (AFM) [84]
enabled the investigation of tribology down to nanoscale and extensive studies were conducted to find its
physical origins [85-87]. Efforts were made to explore how tribology originates at the micro- or even na-
noscale and inversely, how these tiny interactions eventually lead to the macroscale tribological phenomena
[88]. Normally, tribology refers to a series of complicated interactions between the contacted surfaces. The
study of this subject generally consists of following four aspects: adhesion, friction, wear, and lubrication
[89], which are usually interconnected with each other.

2.1.1 Adhesion

Adhesion is one of the most common surface forces and different types of its definition can be found in
different dictionaries. Nowadays, the most widely accepted one is described as the tendency of particles or
surfaces to adhere together [90]. Adhesion is intimately related to surface energy [91], i.e., the work of
adhesion of material A corresponds to its surface energy by [89]:

Waa = 2y, (2.1)
where W, is also called the work of cohesion and y, is the surface energy.

When material A is in contact with another material B, an energy y,p is associated with the emergence of
the interface between them. The work of adhesion for this interface is defined as the variation of surface
energy during the contacting process or the reversible work needed to separate them. It is labeled with W,p
and can be calculated from:

1 1
Wag = va+ ¥YB—Yag = EWAA + EWBB — YaB 2.2)

which is called the Dupré equation [89]. Therefore, a conventional method to determine adhesion is to
measure the surface energy.
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In laboratory practice, solid surface energy can be calculated from contact angle measurements [92] by a
sessile drop method. In such measurements the contact angle between the edge of liquid droplet and the
sample surface is measured. Various approaches have been proposed to determine surface energy from the
measured contact angle [93-95]. After a long-time development of these approaches, Kwok et al. [96] im-
proved the work of Neumann et al. [95] and developed the so-called “equation of state”:

cosf = —1 +2\%e‘ﬁ(yl“’5)2. (2.3)
1

In this equation, 8 is the contact angle between the liquid-air interface and the solid surface, y; and y; is
the surface energy of liquid and solid, and 8 is a constant. Therefore, from Equations (2.1) and (2.3), it can
be seen that low adhesion is normally a sign of low surface energy, which typically coincides with a high
contact angle [88]. The setup and procedure of measuring contact angles by sessile drop method will be
explained in the following Chapter 2.3.5.

Besides examining the contact angles, a much easier and more advanced method evolved with the devel-
opment of the AFM. Its basic idea is to record and analyze the so-called force-distance curves of an AFM
cantilever approaching and detaching from the sample surface [97]. This technique has the big advantage
of directly measuring the adhesion forces or the work of adhesion by a sharp tip. The principle of determin-
ing adhesion forces with AFM will be illustrated in Chapter 2.3.1.

2.1.2 Friction

The practice of human beings exploiting friction goes as far back as to prehistoric humans using friction to
start fires [89]. Normally, as soon as two objects slide against each other, friction emerges in their contact
area. There are several types of friction according to different sliding conditions. In terms of the occurrence
of the relative motion between the two objects, friction can be classified by static (the force needed to
initiate sliding) and dynamic friction (the force needed to support sliding) [89]. Static friction is ordinarily
greater than dynamic friction [89]. In the light of the existence of lubrication in the contact area, dry friction
and lubricated friction are usually distinguished.

Although Leonardo da Vinci (1452-1519) has already systematically studied friction and recorded his re-
sults in his notebook [98], it was Guillaume Amontons [99] who first published the results about his study
of friction in 1699, which is commonly accepted as Amontons’ laws of friction:

First law of friction: The friction force is proportional to the normal load.
Second law of friction: The friction force is independent of the apparent area of contact.

Several decades after that, Charles-Augustin de Coulomb further noted that friction force is independent of
the velocity. It is often referred to as [100]

Third Law of friction: Dynamic friction is independent of the relative sliding speed.
The three laws of friction can be summarized by the equation [101]:

Ffric =u- Fload: (24)

where u is called friction coefficient, which is determined by the material properties of the surfaces. It is
also influenced by the other factors such as humidity of the environment or roughness of the sliding sur-
faces. The friction coefficient is independent of the apparent contact area A and the sliding velocity v. F.
and Fy,.q represent the frictional force and normal load, respectively. Equation (2.4) works successfully in
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most instances for depicting friction at rubbing surfaces including both rough and smooth surfaces, both
ductile and brittle contacts, as well as both macroscopic and microscopic contacts [102, 103]. However, it
will become invalid in some specific cases such as large ranges of loads or sliding velocities [103], and for
the contacts with strong adhesion [101, 104].

From a microscopic point of view, when two solid surfaces rub against each other, friction originates mainly
via two mechanisms [89]. They comprise the adhesive friction needed to shear the contacting junctions
where adhesion occurs and the plowing friction needed to plow the asperities of the harder surface through
the softer surface. Among them, the adhesion contributes to friction through [89]

Fagh = A;S. (25)

F,q4n is called adhesive friction force. A, is the total real contact area between the two surfaces (A, = Y 4;,
i = 1,2,..,n)and s is the shear strength (assumed the same for all the contacting junctions). Thus, in this
case the adhesive friction is usually not independent of the real contact area.

At the interface of two contacting surfaces, the real contact area (A,) consists of many small individual
contacts between their surface asperities. Thus, it is typically much smaller than the apparent contact area
(A). For the situation where Amontons’ laws are valid, the real contact area is proportional to the applied
normal load. Besides this, the hardness (H) of the sliding surfaces is also an important factor for real contact
area. For plastic deformation, it can be expressed by [89]

Fload
A = — (2.6)
Under conditions for elastic deformation, the Greenwood and Williamson model [105] is a simple method
to estimate the real contact area. According to their result, the relationship between the real contact area,
normal load, and the elastic modulus of the material (E) can be simplified as [89]

Fload
A & —= 2.7
Thus, from Equations (2.5) - (2.7) one can find that the adhesive friction is inversely proportional to the
hardness or elastic modulus of the contacting surfaces. As an example of a hard surface sliding against a
soft surface, the smaller hardness (or elastic modulus) of the soft surface will cause a more intimate contact
(i.e. larger real contact area between two surfaces) resulting in a larger friction.

For characterizing friction forces or friction coefficients by experimental methods, a tribometer is usually
used. This instrument exploits a standard, hard detector (probe) to pair against the sample surface under
defined normal loads and at the same time records the corresponding lateral frictional forces. A detailed
introduction of the setup and principle of the measurement by tribometry will be presented in the following
Chapter 2.3.3. Additionally, as a versatile technique, AFM can also be employed to characterize friction
properties especially on the micro- or nanoscale, which will be described in Chapter 2.3.1.

2.1.3 Wear

Wear is another fundamental but complex aspect of tribology. The general definition of wear refers to the
surface damage such as deformation or material removal when two surfaces rub against each other [89].
Mankind benefits from wear in many cases in our daily life but also has to withstand the losses caused by
it. For example, traditional manufacturing techniques such as cutting, grinding, and polishing processes
take the advantage of wear to fabricate mechanical parts with high precision. However, machine or vehicle
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elements suffer from wear phenomena leading to functional failure, which will cause significant accidents
if we do not replace them regularly.

The technical importance of wear encouraged studies on this topic [106-110]. Nevertheless, due to its mul-
titude of complicated physical mechanisms, no universal model which can perfectly describe the wear pro-
cess and explain the origin of wear occurring at the nanoscale has been developed so far. Archard’s wear
equation is a simple but practical model developed by Archard [111] to evaluate sliding wear.

KFload
R = T (2.8)
here, R is the wear rate defined as the volume of material removed per sliding distance. K is referred to as
the wear coefficient, with a typical value ranging from 102 to 107 for unlubricated materials. F,,q4 and H
are the applied normal load and the hardness of the surface region, respectively. Based on the assumption
that wear volume is proportional to the sliding distance, this model introducing wear coefficient K provides
a valuable method for comparing the severity of wear between different materials [89]. From Equation (2.8)

one can see that applying a larger normal load on a softer surface will cause a larger wear rate.

Another important subject in tribology is lubrication which plays a vital role for reducing friction and wear
in many industrial applications. This topic, however, is behind of the scope of this thesis.

2.2 Materials

This section gives an overview of the materials and samples used in this thesis. Biological samples include
molted scales from twelve different snake species as well as sandfish. Various technical materials (surfaces)
such as different kinds of polymers or metals were also studied as a comparison. Besides this, shape memory
polymers (SMPs) were introduced as a substrate for replicating micro-fibril structures on their surfaces to
achieve smart frictional functions.

2.2.1 Biological samples

Snakes and lizards shed their scales regularly. The time period depends on the respective species and their
ages [54]. This allows us to acquire abundant experimental samples without harvesting the living reptiles.
In this thesis, the majority of biological samples (molted snake and sandfish scales) was provided by G.
Gomard (IMT & LTI, KIT) and some sandfish scales were obtained from G. Gassner (Natural History
Museum, Vienna, Austria). Snakes shed their skin as a whole piece, while sandfish molt their scales into
lots of small, separated pieces.

Figure 2.1 shows the photographs of three snake species and of their corresponding molted scales. The first
line illustrates the photos of snakes with their short name on the top. A segment of the cutted scales of the
corresponding snakes is shown in the bottom line. The dorsal scales are on the left side of each image and
the right side shows their ventral scales, as indicated in the images. The photos of spectacle snake scales
will be shown in Figure 4.3 in Chapter 4.1.3. It can be seen that the dorsal and ventral scales of the same
snake show very different shape and size, while the shape of the corresponding same regional scales on
different snake species are very similar. The ventral scales usually have a rectangle shape with a large size.
The dorsal scales are nearly circular and smaller than ventral scales. Both types of scales are closely linked
by the soft tissues between single scales. The photos and molted scales of sandfish will be shown in Fig-
ure 3.1 in the following Chapter 3.1.
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S. diadema P. guttatus
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Figure 2.1: Photos of three snake species and their molted scales. The top line shows N. atra, S. diadema, and P. guttatus in their
natural habitat. The bottom line represents their corresponding molted scales (a cutted segment). As snakes shed their
scales as a whole piece, it is easy to distinguish their dorsal and ventral scales, as indicated in the images, respectively.
Snake photos are taken by Guillaume Gomard and used with kind permission.

In this thesis, molted scales from twelve different snake species including 4 vipers, 3 pythons, 2 colubrids,
1 lamprophiid, 1 elapid, and 1 boa together with the scales of sandfish were examined. Table 2.1 summa-
rizes some basic information of these biological samples such as the common name, belonging family, and
living habitat, respectively [112, 113].

Table 2.1: Basic information of the investigated snake species and sandfish. Their corresponding common name, respective family,
and living habitat are listed.

Species Short name Common name Family Habitat
Sistrurus miliarius o round rattle- .

. S. miliarius g Viperidae forests and swamps
barbouri snake

L . L savannas and grass-
Bitis arietans B. arietans puff adder Viperidae g

lands
Echis pyramidum E. pyramidum Northeast Afrlcan Viperidae grassland and rocky
carpet viper areas

Vipera aspis francis- stony grounds and

ciredi V. aspis aspic viper Viperidae shrubby areas
Antaresia perthensis A. perthensis my python Pythonidae savannas, shrubland
P P pygmy py and grassland
Aspidites ramsayi A. ramsayi woma python Pythonidae savannas, shrubland
P y ' y pyt n and grassland
L . . rainforests and
Morelia spilota M. spilota carpet python Pythonidae woodlands
Pantherophis gutta- P. quttatus corn snake Colubridae grass fields, forests

tus and trees
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arid and semiarid

ler his di- . . .
Spale osgp S.q S. diadema diadem snake Colubridae .
adema cliffordii plains
Malpolon monspes- M. monpes- Montpellier snake  Lamprophiidae shrubland and
sulanus sulanus grassland

. . . oodland, shrub-
Naja atra N. atra Chinese cobra Elapidae W )

land and grassland

Corallus hortulanus C. hortulanus ~ Amazon tree boa Boidae troplctart:grests,
Scincus scincus S. scincus sandfish Scincidae desert

The sandfish is a lizard native to the desert belts from northern Africa to southwestern Asia. However, most
of the investigated snakes live in grasslands or forests, i.e., S. miliarius, B. arietans, E. pyramidum, A.
perthensis, A. ramsayi, M. spilota, P. guttatus, M. monpessulanus, N. atra, and C. hortulanus. Among them,
interestingly, several species are found to be able to climb onto the trees (A. ramsayi, M. spilota, P. guttatus,
and C. hortulanus). Besides in grasslands, E. pyramidum is also observed in the habitats of rocky areas.
Similar to sandfish, V. aspis and S. diadema live in the stony or sandy environment for most of their time.
Figure 2.2 shows the geographical distribution of the investigated twelve snake species and sandfish around

the world [16, 112, 113].

Vipera aspis francisciredi

@ Pantherophis guttatus ® Malpolon monspessulanus @® Naja atra

@ Sistrurus miliarius barbouri Spalerosophis diadema cliffordii ® Morelia spilota

@ Corallus hortulanus @ Scincus scincus ® Antaresia perthensis
@ FEchis pyramidum ® Aspidites ramsayi

Bitis arietans

Figure 2.2: Geographical location of the investigated snake species and sandfish. The biological samples studied in this thesis are
widely distributed over the five continents around the world.

All the biological samples of sandfish and snake scales were first separated into single pieces and then cut
into a small size (around 10 mm x 7 mm). After that, they were carefully cleaned with high-pressure air
before the experimental treatment or characterization.
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2.3 Tools and techniques for surface analysis

2.2.2 Technical materials for friction analysis

Several technical materials including highly oriented pyrolytic graphite (HOPG), polytetrafluoroethylene
(PTFE, Teflon), poly(methyl methacrylate) (PMMA), polyether ether ketone (PEEK), aluminium (Al),
100Cr6 (AISI 5210) bearing steel, and silicon were analyzed as a comparison to the biological reptile scales.
Tribological properties including adhesion, friction, and wear resistance of these technical surfaces as well
as sandfish and snake scales were characterized and compared. Polydimethylsiloxane (PDMS) was used as
a negative mold for replicating the micro-fibril structures from ventral snake scales onto the surface of a
UV-curing Norland Optical Adhesive 88 (NOA 88) via soft lithography technique.

To fabricate a smart tribological surface, shape memory polymers (SMPs) are employed as a substrate for
replicating snake fibril structures. SMPs are a category of polymers which possess an ability of “memoriz-
ing” a predefined, permanent shape. With this permanent shape, they are able to be further manipulated
into a temporary shape (programming process) and then change their shape back to the memorized perma-
nent shape (recovery process) if triggered by an external stimulus such as light or heat [114-117]. Other
recovery trigger mechanisms such as electric [118] and magnetic [119] excitation or humidity [120, 121]
were also reported by recent studies [122, 123]. The general shape-changing principle of SMPs is caused
by the two individual domains in their compositions, which are called hard segments (netpoints) and switch-
ing segments, respectively. Under the state of their original permanent shape, netpoints are linked together
by the switching segments. In terms of thermoplastic SMPs, this state (permanent shape) can be defined
while synthesizing or redefined after fabrication by melting them with a temperature of over their transition
heating temperature (T,arq)- After cooling down to room temperature, the SMPs are settled into their per-
manent shape. To further program them into a temporary shape, a temperature between the switching tem-
perature (Tswitch) aNd Thard (Tswiten < Tharq) 1S demanded to deform the switching segments but does not
affect the hard segments. After deformation, cooling the polymer to the temperature below Tgic, l€ads to
a temporary shape. This shape will be constantly stable as long as its surrounding temperature is lower than
Tswitcn - A recovery process of SMPs gradually switching back to their original permanent shape will happen
only if the polymer is heated to or above Tyyitch-

Compared to shape memory alloys, SMPs exhibit many advantages such as high flexibility, easy pro-
cessing, high shape changing capability, low cost and weight. Previous studies on this material indicate
great potential for diverse applications in sensors, actuators, and smart devices [114, 124, 125]. More spe-
cifically, SMPs can play a promising role as switchable/recoverable optical elements [126-128], self-heal-
ing materials [129], biodegradable wound suture fibers [130], and self-peeling dry adhesive [131-133] in
both industry and our daily life. Thus, it will be interesting to adapt the functional microstructures of snakes
or sandfish onto SMPs to achieve tunable tribological properties for various applications. The SMPs utilized
in this thesis are the thermally triggered cycloaliphatic polyether urethane block copolymer Tecoflex® EG-
72D (Lubrizol, USA). Their hard segments are composed of 1,4-butanediol (1,4-BD) and 1-isocyanato-4-
[(4-isocyanatocyclo-hexyl)methyl] cyclohexane (H1,MDI) with a high transition temperature of Tj,.q =
150 °C. Their switching segments are combined with poly(tetramethylene ether) glycol (PTMEG) plus
H12MDI, which have a switching temperature range of Tgitcn = 40 °C - 70 °C [127]. All the biological
and technical samples in this thesis were stored and measured in a temperature (21 °C - 23 °C) and humidity
(50% - 70%) controlled environment.

2.3 Tools and techniques for surface analysis

To characterize the topographical, tribological, and spectral properties of the above mentioned biological
and technical samples, a series of tools and techniques for analyzing their surfaces were employed in this
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2 Theoretical and methodological background

thesis. This section gives a brief overview of their basic working principles and the advantages in their
corresponding utilizations.

2.3.1 Atomic force microscopy (AFM)

Since its invention in 1986 [84], AFM has become one of the most indispensable and versatile tools for
nanoscale imaging and the tribology-related analysis. Besides generating 3D topographical images with
atomic resolution, this technique can also provide various other functions such as measuring contact (ad-
hesion) or lateral forces (friction) [86, 134]. In this work, AFM was widely exploited to characterize the
topography, adhesion, friction, and wear resistant properties of many sample surfaces including both bio-
logical reptile scales and technical surfaces. All the AFM experiments were conducted with a Dimension
Icon AFM (Veeco Inc., USA). The AFM cantilevers for detecting the surfaces comprise commercial prod-
ucts (All-in-one-Al, BudgetSensors) as well as artificially fabricated customized probes. A schematic image
of the working principle of the typical AFM measurement is illustrated in Figure 2.3.

Photo-diode Mirror Laser
A
C|D
Cantilever
torsion
v ( )
Computer Sample

L - Scanner
- > (x-y-2)

Controller

Figure 2.3: Schematic image of AFM measurements. A cantilever with a sharp tip at the end interacts with the sample surface
(located on a movable stage) to detect its topographical or frictional information. The laser focused on the backside of
the cantilever records the bending (topography) or twisting (friction) of the cantilever. After that, the laser with detected
signals is guided into a photo-diode and finally visualized by a screen. Figure adapted from [135].

The basic idea of AFM measurements is to utilize the laser beam to detect the deformation of the cantilever
such as deflection or torsion when it interacts with the sample surfaces. A sharp, pyramid structured tip
exists at the cantilever end for sensing the expected information (i.e. topography, adhesion, or friction) of
the sample surface. Before starting a measurement, the sample under investigation is placed on a controlled
X-y-z scanner and the cantilever is amounted above the sample. The laser beam is set to directly focus onto
the backside of the cantilever tip and the reflected laser is calibrated at the center of the photo-diode (Fig-
ure 2.4 a). Once the measurement starts, the cantilever tip is gradually brought into contact with the sample
surface and subsequently scans over the surface (contact mode) or oscillates above the surface to measure
the amplitude (tapping mode). For topography measurements, the deflection (bending) of the cantilever is
recorded by the vertical movement of the reflected laser beam on the photo-diode (Figure 2.4 b). For fric-
tion measurements, the torsion (twisting) of the cantilever is measured, which is displayed as the lateral
movement of the reflected laser beam on the photo-diode (Figure 2.4 c). This type of AFM measurement
is also called lateral force microscopy (LFM). The detected signal from the photo-diode goes into a con-
troller and is converted to the visualized results on a screen.
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(a) (b) (c)

No bending Vertical bending twisting
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Figure 2.4: lllustration of cantilever deformation leading to a displacement of laser on the photo-diode. The laser is reflected on the
cantilever backside to the photo-diode. (a) Before the deformation of cantilever, the laser was calibrated at the central
position of the photo-diode. (b) The laser moves down with the cantilever vertically bending. (c) The twisting of the
cantilever causes the laser moving to the left. Figure adapted from [134].

The principle of AFM measuring friction is based on the lateral twisting of the cantilever. When a cantilever
is laterally scanning over a sample surface, its torsion is different in the opposite scanning directions (left
scanning or right scanning). Even on a flat, homogeneous sample this difference exists in magnitude and
probably the sign of the signal [134]. As shown in Figure 2.5, when the AFM tip scans from a low friction
area to a high friction area, the torsion of the cantilever will increase leading to a higher lateral signal. This
will also happen when the scanning direction reverses. Each cycle of the trace and retrace scanning is the
so-called friction loop [85]. From an overall of view, the torsion difference in the two opposite scanning
directions on the high friction area is larger than that on the low friction one. Therefore, the friction on the
surface can be evaluated and compared by calculating the difference of the torsion signals between the
forward and backward scans (in a friction loop).
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Figure 2.5: Schematic of the principle of measuring friction by AFM. The black areas represent the regions with higher friction than
the white areas. When the AFM tip scans from the low friction area to the high friction area, the tip will twist more, and
a higher lateral signal will be recorded. Calculating the difference of lateral signals between trace and retrace directions,
the friction on these two areas can be evaluated and compared. Figure adapted from [134].

Before starting the friction measurement, a force calibration procedure [136] needs to be introduced to
convert the deformation signals (deflection and torsion) of the AFM cantilever to the corresponding force
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signals (normal load and friction). So far, several force calibration methods [136-140] have been proposed.
In this thesis, the calibration procedure from [140] was adopted. According to this method, the deflection
sensitivity and spring constant of the cantilever are the crucial parameters for calibrating the forces. With
them the normal load and friction force can be calculated as

Fload = (CZ/SVEI') (Uver - Udis) (29)
and
3Cior 1
Firic = (4L21) (m) (AU, (2.10)

respectively. U, is called “setpoint” which can be manually set during the AFM measurement. Ug;s iS a
threshold voltage at which the normal load is calibrated to be zero. AU, is the voltage difference of the
AFM measured lateral signal in trace and retrace directions. S, is the deflection sensitivity of the em-
ployed cantilever. m is a correcting parameter of the displacement dependent voltage between the laser
moving in vertical and lateral directions in the photo-diode. C, and C,,, are the spring constant and torsional
force constant of the cantilever. L is the length of the cantilever and [ is the length of the tip at the cantilever
end. For a rectangular cantilever with the length L, the width w, the thickness t, Young’s modulus E, and
torsional modulus G, C, is given by
Et3w

€. =~ (2.11)

Under the condition t < w, the torsional force constant is

Gwt®
tor — 3 (2.12)
Together with Equations (2.10) - (2.12), the friction force can be rewritten as
GL 1
Firic = (E_l Cz) (m) (AUya0). (2.13)

In this thesis, E = 1.69 x 10 N/m? and G = 5.09 X 10'° N/m? are taken from [140]. L and [ are adopt
from the BudgetSensors® [141] (for commercial cantilevers) or characterized by the scanning electron mi-
croscope (SEM) for customized probes. m is calibrated by the experimental method similar to in [140].
Sver» C,, and Ug;s are determined with the thermal tune method integrated into the corresponding AFM
software before every measurement. AUy, is calculated from the AFM measurement results (“Friction-
trace” and “Friction-retrace” signal in the corresponding AFM panel). With all these parameters settled, the
normal load and its corresponding friction force during the AFM cantilever laterally scanning on the inves-
tigated sample surfaces can be calibrated. For the measurement on each sample, the obtained friction force
is plotted as a function of the applied normal load. The friction coefficient can be determined by conducting
a linear fit between them and calculating the slope.

Besides imaging surface topography and friction, the AFM setup can also measure the adhesion through
recording a so-called force-distance curve [142]. For that, the cantilever is fixed in x and y position while
ramped in the z direction. The force between the cantilever tip and sample surface is calculated according
to the spring constant and the deflection sensitivity of the cantilever as the tip approaches towards or retracts
from the sample surface. Figure 2.6 illustrates a theoretical force-distance curve which demonstrates an
adhesion force measurement of a pyramidal shaped tip at the end of an AFM cantilever interacting with a
flat sample surface.
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2.3 Tools and techniques for surface analysis

During the movement from A to B, the AFM tip is approaching but relaxed over the sample surface. With
the tip going down to the surface at B, it is pulled onto the surface by the attractive forces (e.g. van der
Waals forces) between the tip and sample surface. This behavior is also called “snap-in”. After this, the
force becomes repulsive as the tip continues to move down until reaching a defined end point C. This causes
a linear deflection of the cantilever. Then the moving direction reverses and the tip starts to retract from the
surface until at point D a “snap-out” occurs because the force applied to the cantilever overcomes the tip-
sample adhesion. In this process the cantilever experiences another linear deflection in the opposite direc-
tion. Finally, the tip moves up to its original point A and a cycle of the adhesion measurement is finished.
The approaching process from A to C is called the “trace” (marked in blue), and the retraction from C to A
is called the “retrace” (marked in red). The slope of the linear deflection in retrace direction is the deflection
sensitivity of the cantilever (Sye-). The force difference between the maximum point D and the relaxed
point A is the measured adhesion force. If the recorded signal is expressed by voltage, the difference be-
tween point D and A will be the Uy;s.
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Figure 2.6: A theoretical force-distance curve shows an AFM tip measuring adhesion. The force on a sharp AFM tip changes as it
approaches towards or retracts from a flat sample surface, into a typical force curve shape. The adhesion is evaluated as
the maximum force required to retract the cantilever tip from the sample surface (at D point). Normally, when the canti-
lever is relaxed above the sample surface (A point), the force on the cantilever is initialized as zero (in both trace and
retrace directions). This means that the horizontal part of the red and blue line is very close to each other, which represents
the zero force. Figure adapted from [142].

To investigate the wear resistant performance of different samples by AFM, an abrasion resistant measure-
ment with a hard AFM cantilever (i.e. high spring constant) is designed. The whole experimental procedure
is very similar to the friction measurement except that the normal load applied on the sample surfaces was
set to be very large for the aim of obtaining scratches (i.e. wear) on the surface. First, a small, defined area
of the sample surface was scratched with a large normal load. After that, the topography of a large area was
measured at the same position but with a reduced normal load (no observable wear). This allows to evaluate
the volume of the removed materials (wear volume) by determining the scratching depth as well as the size
of the defined scratching area. On each scratching area, the applied normal load and the conducted scratch-
ing time (distance) can be flexibly adjusted. With the same-sized scratching area, scratching depth is ana-
lyzed according to the variation of normal load or scratching time. The results are compared between dif-
ferent samples under investigation. A detailed abrasion resistant measurement on different samples will be
designed and introduced in the following Chapter 3.5. To avoid the influence of the tip wear on the results,
every experiment was started with a virgin cantilever with a fresh tip. Throughout this thesis, the topography
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of the sample surfaces was measured in tapping mode, while the adhesion, friction, and wear analysis were
all conducted in contact mode.

2.3.2 Scanning electron microscopy (SEM)

SEM is another practical technique for examining surface topography or even cross section of the inner-
structures of the samples [143]. It images surface by exploiting a focused beam of high energy electrons
scanning over the investigated samples. Normally, the samples are placed and observed in high vacuum
condition. Due to the electron-sample interactions, secondary electrons are excited by the electron beam
from the atoms on the sample surface. SEM detectors collect these secondary electrons to image the surface
information such as topography or chemical composition. Due to the advantage of using electrons, it can
achieve the imaging resolution of single nanometers. However, this special working principle may also lead
to imaging artifacts when measuring non-conductive samples because of the charging effects. The typical
method to solve this problem is to sputter-coat a uniform layer of conductive metal such as gold or silver
on the sample surfaces before SEM imaging. This procedure, however, in many cases prevents the further
characterization or application of the surfaces afterwards. Another disadvantage of SEM is that it cannot
directly deliver height information because images are usually taken from the top view. The examination
of tilted surfaces allows the measurement of heights but this needs subsequent geometrical analysis. SEM
can also be used to characterize the cross sections of the inner-structure of the samples by tilting the sub-
strate during the measurement. Before this type of measurement, the samples are usually cut leaving a fresh
edge for imaging. To obtain an optimized cross section, the samples are first frozen by liquid nitrogen and
then cut by a sharp razor blade.

Figure 2.7: Setup for the micro-needle manipulation experiments in SEM. A micro-needle was mounted onto the stage and operated
to interact with the sample surface. The whole setup was put into a high vacuum chamber and the manipulation process
was observed under SEM investigation.

Besides imaging topography and cross sections, | also conducted a micro-manipulation experiment (see
Chapter 5.4.2) with a micro-needle manipulator in SEM, which is accomplished with the help of Sanaz
Rastjoo (IMT, KIT). Figure 2.7 shows a photo of the whole setup before it was put into the SEM vacuum
chamber. The samples were vertically fixed on the stage with a conductive tape. A flexible, motion-con-
trolled manipulator (micro-needle) was placed close to the sample surfaces with another end also fixed on
the stage. Once all of these were prepared, the manipulation experiment can be started after putting the
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whole setup into SEM chamber and evacuating the chamber. The manipulator can be controlled to achieve
several operations on the sample surface such as scratching on the surface, pushing the microstructures
from the side view, and even bending the samples from the bottom. The whole manipulation process was
imaged and recorded through SEM detector. All the SEM investigations in this thesis were conducted with
a SUPRA 60 VP SEM from Zeiss, Germany.

2.3.3 Micro-tribometer

Besides nanoscale friction measurement by AFM, the frictional properties of different materials (both bio-
logical and technical surfaces) were also examined on the microscale with a home-built micro-tribometer
(Christian Greiner’s group, IAM, KIT), which is based on a reciprocating linear ball-on-plate setup [144,
145]. To measure friction, a polished sapphire sphere from Saphirwerk AG (Brlgg, Switzerland) was uti-
lized to pair against the investigated sample surfaces with a defined normal load which was applied by
various standard weights. The lateral (friction) forces on the sphere during its travelling across the sample
surface were detected and recorded with a strain gauge-based system. The friction coefficients were calcu-
lated and visualized by a custom-programmed LabView (National Instruments, Austin, USA) code. The
measurement parameters including the sphere size (diameter), applied normal load, sliding speed and
stroke, and the reciprocating cycle are adjustable, and can be set to appropriate values according to the
requirements of the investigated sample surfaces (e.g. size or hardness). The whole setup is located on a
vibration-absorptive platform and protected by a transparent cover with temperature and humidity control-
ling systems inside.

Normally, the friction coefficient of the sample surface is calculated as the average of the values measured
from both trace and retrace directions of the sphere reciprocating cycles. Results obtained with the same
sphere and normal load are compared between different surfaces. However, to characterize the friction
anisotropy in the opposite directions of the same surface, the reciprocating measurement is conducted on
two sample orientations (before and after the sample was turned 180 degrees). In this case, the friction
coefficients in the same sample-tribometer relative moving direction are averaged to eliminate the friction
deviation of the micro-tribometer in trace and retrace directions. More details of the micro-tribometer meas-
uring friction anisotropy will be shown in the following Chapter 5.2.2.

2.3.4 Contact angle goniometer

As already mentioned in Chapter 2.1.1, contact angle measurement is an easy and practical method to de-
termine the surface energy as well as adhesion force of solid materials. A contact angle goniometer allows
this measurement on various surfaces including both biological and technical samples. To conduct such a
measurement, the sample under investigation is first horizontally placed on a motion-controlled platform
(x, y, and z direction). Then a liquid droplet with defined volumes is dispensed on the sample surface and
at the same time the contour of liquid and sample surface is extracted and analyzed. The droplet is illumi-
nated from the backside and recorded by a camera during the whole process. A movie sequence or a single
image can be optioned with the extracted contour. Finally, the contact angle can be calculated by properly
fitting the contour. In this thesis, deionized water droplets were utilized. An actuator driven syringe was
used to control the precise volume and dispensing velocity of the required water droplet. All the contact
angle measurements throughout this thesis were conducted with an OCA 40 system, and the contact angle
values were calculated by the corresponding SCA20 software (DataPhysics Instruments, Germany) with
the Young-Laplace fitting method.
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2.3.5 Spectrophotometer

Spectrophotometry is a common tool for quantifying the spectral properties of samples interacting with
light. In this work, spectral transmittances of snake spectacle scales together with its ventral and dorsal
scales were characterized and compared. For this, A LAMBDA 1050 Ultraviolet-Visible-Near Infrared
(UV-VIS-NIR) spectrophotometer (PerkinElmer Inc., USA) was employed. The deuterium and tungsten
light sources equipped in this spectrophotometer are able to be calibrated to emit light spectrum in the range
of from 175 nm to 3300 nm. In addition, the emitted light can be regulated into a circle or rectangle shape
with an adjustable beam spot size of 2 mm - 4 mm. The highly reflective integrating sphere allows the
measurement of the total (diffusive and specular) transmittance or reflectance of the investigated samples,
which depends on the location of the sample surface relative to the photodetector of the spectrophotometer.

To measure the transmittances, the sample (snake scale) was amounted onto a sample holder at the entrance
of the integrating sphere. After that, the light source was calibrated and then guided to the center of the
sample surface. This also minimizes the influence of the sample edges on the results because the spectacle
scales of snakes are normally in comparable size (diameter of about 4 mm - 5 mm) with the beam spot. For
all the measurements in this work, the characterized spectrum range was set to 300 hm - 1200 nm. The data
recording resolution was 2 nm. The beam spot was regulated into a circle shape and set to the minimum
size (about 2 mm).

2.4 Fabrication tools and techniques

The AFM cantilevers mentioned before are usually equipped with a sharp tip at their end, which were
purchased from BudgetSensors®@ (Sofia, Bulgaria). However, in some cases measurements of contacts be-
tween sample surfaces and some special substances are demanded. Thus, customized probes at AFM can-
tilever ends are necessary. One of the advantages of AFM technique is that its cantilever tip can be inter-
changed with tips like grafted debris or spheres [146, 147] to achieve desirable contacts between probes
and sample surfaces. In this thesis, micro-objects including glass spheres and sand debris were glued to the
end of a commercial tipless AFM cantilever (BudgetSensors®) by our home-built manipulation setup for
the investigation of the adhesion forces between these probes and sample surfaces (e.g. sandfish scales).

Additionally, this section also introduces several replicating techniques for fabricating the micro-fibril
structures of ventral snake scales onto different polymeric surfaces. Soft lithography and hot embossing are
presented according to the different replicating parameters (e.g. temperatures and pressures) required to
imprint the aimed polymers. Before conducting the hot embossing procedures, an electro-plating technique
was employed beforehand to fabricate a mold insert for the replication.

2.4.1 Fabrication of various AFM probes

Figure 2.8 shows the photo of the setup for grafting debris or spheres onto a cantilever end. Before starting
the transfer process, all the necessary samples including the prepared two-component glue, isopropanal,
silica spheres or sand debris, and the tipless AFM cantilever are placed on a glass slide from left to right.
Then the glass slide is carefully amounted to the manipulation stage which is under the observation of an
optical microscope. In front of the manipulation stage, a micro-needle with an extremely sharp tip (about
10 um diameter at the end) is utilized to conduct the transfer procedures.
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Figure 2.8: Photo of our home-built micro-manipulation setup for grafting AFM probes. Customized AFM probes with glass sphere
or sand debris as the tip were fabricated through a glass needle transferring the desired particles onto a tipless cantilever
end. The glass needle and the manipulation stage are freely movable in x-y-z directions. The whole grafting procedure
was observed under an optical microscope with various magnifications (4%, 20x, and 40x). Figure adapted from [148].

The two components of the glue were mixed in advance, which has a drying time of around 90 minutes. A
tiny droplet of the glue mixture was deposited on the glass slide. The isopropanol was prepared to clean the
contaminated micro-manipulator needle tip. The micron-sized sand debris was selected after breaking the
sand particle by a plier. The silica spheres (diameter ranging from 20 pum to 40 pm) were in an isopropanol
solution and after the evaporation of isopropanol solution left the spheres on the glass slide. The tipless
AFM cantilevers were purchased from BudgetSensors®.

Once everything is prepared properly, the transfer (graft) procedure can be started. First, the needle tip is
moved to the two-component glue and a tiny amount of glue is cautiously picked up. Then the needle tip
with glue goes to the tipless cantilever and gets contact with the cantilever end leaving some glue on the
position where the micro-objects (silica spheres or sand debris) will be released. After this, the manipulator
needle is brought into the isopropanol to get rid of the contamination (glue) on that. Subsequently, the
needle tip can be moved to the micro-objects and collect either a silica sphere or a sand debris. With this
micro-object the needle goes to the tipless cantilever again and releases it in the area with glue on the
cantilever. The needle is retracted after the position of the micro-object on the cantilever is desirable. Fi-
nally, the grafted probes are collected after the glue is totally cured. All these manipulating operations are
observed with an optical microscope.

Besides this, chemical modification such as sputtering a layer of metal [149] or polymer [150, 151] onto
the cantilever tips is another method to create probes with different surface energies for adhesion measure-
ments by AFM. In this thesis, copper (Cu) or tungsten (W) is sputter-coated on the spherical probes with a
thickness of about 50 nm to obtain such probes. Figure 2.9 shows the SEM images of the various probes
used in this thesis including a sharp tip cantilever, a sand debris probe, a silica sphere probe, and a Cu-
coated silica sphere probe, respectively. All these probes will be used in Chapter 3.3 to characterize the
adhesion properties of sandfish scales, while in the other AFM measurements (e.g. friction and wear char-
acterization) a sharp silicon tip is usually adopted.
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Figure 2.9: SEM images of the various AFM probes utilized in this thesis. (a) A sharp silicon tip of a conventional AFM cantilever.
(b) A sand probe with sand debris glued on a tipless cantilever end. The inset image shows a side view of the same probe.
(c) Assilica sphere probe with a glass sphere glued to the cantilever end. (d) A copper coated silica sphere probe.

2.4.2 Softlithography technique

Polymer replication techniques allow manufacturing and repeatedly reshaping polymers with desired mi-
crostructures on their surfaces. For the polymers which do not require high temperatures and pressures
during their reshaping process, a soft lithography technique using a polydimethylsiloxane (PDMS) mold is
introduced [152-154]. The micro-fibril structures of Chinese cobra ventral scale are replicated onto a UV-
curing polymer layer (Norland Optical Adhesive 88, NOA 88). A schematic diagram of the replication
process is displayed in Figure 2.10.

First, the snake scale (Figure 2.10 a) is cut into a rectangle shape (around 10 mm x 7 mm) and glued on a
silicon wafer with a double-sided adhesive tape. Then the wafer with snake scale on the surface is place
into an aluminum container. A mixture of Sylgard Silicone Elastomer 184 and Sylgard Curing Agent 184,
which is mixed by a weight ratio of 10:1, is stirred evenly and placed into an evacuated desiccator for
20 min for the purpose of removing the air bubbles introduced during the stirring process. After that, the
mixture is slowly poured over the snake scale (Figure 2.10 b) in the aluminum container. Subsequently, the
aluminum container together with the inside mixture and snake scales is carefully placed on a hotplate.
After curing for 10 hours under a constant temperature of 45 °C, which is chosen to prevent the snake scales
from damaging, the hardened PDMS mold (Figure 2.10 c) is separated from the snake scale and then
cleaned by an ultrasonic bath with isopropanol to remove the scale remnants. The whole curing process is
conducted without applying any pressure. A droplet (around 50 pL) of UV-curing adhesive NOA 88 is
dripped on a glass slide and afterwards the cleaned PDMS mold is carefully pressed into the droplet to
avoid introducing air bubbles on the resulted replica (Figure 2.10 d). After exposure under UV light at
1.5 mW-cm?2 UV radiation power for about 20 min, the NOA 88 polymer is cured and the replica with
snake micro-fibril structures on the surface is obtained (Figure 2.10 e) after separating the PDMS stamp.
The replication quality is finally checked by AFM.
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Figure 2.10: Schematic image of the soft lithography process. The micro-fibril structures on the ventral scales of Chinese cobra are
replicated to a polymeric NOA 88 surface with a PDMS mold. (a) Snake scale with micro-fibril structures on the surface.
(b) The mixture of Sylgard Silicone Elastomer 184 and Sylgard Curing Agent 184 is poured onto the scale surface. (c)
After hardening on a hot plate at 45 °C for 10 hours, the PDMS mold is peeled off from the snake scale. (d) The obtained
PDMS mold is pressed into a NOA 88 droplet, which will be subsequently cured with UV light. (e) Finally, the poly-
meric replica with a micro-fibril structured surface is acquired.

2.4.3 Electro-plating technique

For those polymers which need high temperature as well as high pressure during the replication process,
the hot embossing technique is utilized. To replicate the micro-fibril structures of ventral snake scales onto
the surface of SMPs by hot embossing, temperature of more than 150 °C and force of several kilo-newtons
are applied. The PDMS mold used in the soft lithography technique is not applicable anymore. Thus, a new
mold insert (Nickel shim) with the negative pattern of the desired structures, which can also withstand high
temperatures and pressures, should be fabricated. The success of the replication depends on the mold quality
even more than on the actual hot embossing steps. To fabricate such a mold insert, the electro-plating tech-
nique is introduced.

The ventral scale of Chinese cobra (N. atra) is chosen as a biological sample, from which the micro-fibril
structures are replicated onto the SMP surface. First, the molted snake scales are cut into small pieces
(around 10 mm x 7 mm) and cleaned with pressurized air for about 5 s to blow off the contaminations on
the surface. Prepared snake scales are carefully fixed on the center of a silicon wafer by a two-component
glue. Then the wafer with snake scales is evaporated with full metallization method by first 8 nm of chro-
mium (adhesive layer) and afterwards 40 nm of gold (conductive plating base). Before the start of plating,
the metal evaporated substrate is artificially masked around its edges by nonconductive tapes, leaving the
central area an 85 mm diameter circular plating window. This defines the resulting electro-plated shim size.
Subsequently, the masked substrate is mounted to a special plating holder and immersed into the electro-
plating system with boric acid containing nickel sulfamate electrolyte (T = 52 °C, pH ranging from 3.4 to
3.6), which is developed especially for nickel electroforming of micro- and nanostructures [155]. During
the plating process, a gradual increasement of the current density from 0.1 A-dm?2to 1 A-dm is conducted
to allow the nickel to slowly cover the snake scales, resulting in a stiff homogenous, free-defect nickel layer
with a thickness of about 600 pum. Such a Nickel shim is able to repeatedly endure huge forces (several tens
of kilo-newtons) for hundreds of times in the following hot embossing process. After the plating, the sub-
strate silicon wafer is removed by dissolving it in 30% KOH solution. Snake scales and the glue is dissolved
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with chloroform in an ultrasonic bath (40 °C, 30 min). Finally, the obtained Nickel shim is mechanically
cut into 78 mm diameter and cleaned by oxygen plasma (STP2020, R3T, Germany) for 60 min at 22 °C,
800 W, 450 mTorr. The electro-plating process was kindly conducted by Markus Guttmann’s group, IMT,
KIT. The cutting and cleaning of the Nickel shim was accomplished with the help of Alexandra Moritz and
Uwe Kohler, IMT, KIT.

2.4.4 Hotembossing technique

Hot embossing is a versatile technique to fabricate microstructures on the surfaces of thermoplastic poly-
mers and several other materials such as bulk metallic glasses [156] or ceramics [157]. The fundamental
working principle of this technique is to press a hot mold insert into the sample surface with a constant
pressure and temperature until the melt sample completely flows into the mold’s cavities and solidifies after
cooling. To achieve this, a hot embossing machine generally consists of one fixed and one vertically move-
ment-controllable plate. The fixed plate at the bottom serves as a substrate. The movable plate on the top
exhibits a stamp mounted with a metallic insert mold (e.g. Nickel shim) which contains the negative desired
microstructures. Both plates can be precisely heated and cooled.

Fe

4

Figure 2.11: Schematic illustration of the hot embossing procedure. First, the polymeric sample such as a SMP is put between a
movable plate with the electro-plated Nickel mold insert and a fixed substrate. Then both plates are heated up to the
temperature of reshaping the polymer and the mold insert is pressed into the polymer with a constant force. After cooling
down to room temperature and demolding the movable plate, the SMP foil with desired microstructures on the surface
is obtained.

Figure 2.11 illustrates a schematic image of the hot embossing procedure. More specifically, there are three
main steps to conduct hot embossing on a thermoplastic polymer: assembly process, embossing process,
and demolding process. First, the mold insert is mounted to the movable plate serving as a stamp tool. The
prepared polymer is subsequently placed between the substrate and movable plate. Then the tool plate ap-
proaches to the substrate plate and presses into the polymer surface under a controlled force and tempera-
ture. After an appropriate waiting time which allows the melted polymer to completely flow into the mold
cavities, the system is cooled down and the polymer solidifies with the replicated microstructures from the
mold insert onto its surface. Lastly, the tool plate is withdrawn from the substrate and one can collect the
structured polymer film from the mold insert or the substrate plate depending on the adhesion between the
polymer and the two plates. Compared to the other polymer processing techniques, hot embossing has the
advantages of high material universality, low cycle time, and therefore, high throughput [157], making it
an attractive replication method. The main drawback of hot embossing is that it cannot replicate complex,
three-dimensional structures with undercuts, which limits it to the fabrication of structures with arbitrary
planar geometries but with particular requirements in the height direction. In this thesis, the hot embossing
technique is used to replicate the micro-fibril structures from ventral snake scales onto SMP surfaces. The
experimental operation is conducted with a partly home-built hot embossing machine based on Zwick 1488
universal testing equipment (Matthias Worgull’s group, IMT, KIT).
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3 Microscopic tribological
properties of dorsal sandfish
scales

With its extraordinary capability of “swimming” in sand (see Figure 3.1 a and b), the sandfish features
fascinating tribological properties, e.g., low friction and high abrasion resistance which are of great interest
to scientists for developing new tribological elements. However, the majority of the current tribological
analysis on sandfish is based on experiments conducted with a non-standard granular tribometer. It
measures granular friction angles determined with loose granular sand where no external load is applied.
This chapter introduces a series of detailed, standard structural and tribological investigations on the molted
sandfish scales by AFM with several types of probe shape. Snake scales as well as some other common
technical surfaces are also analyzed to make a meaningful comparison.

3.1 Micro-structural analysis

To investigate the microstructures on sandfish by AFM or SEM, the molted sandfish scales were collected
from kept animals (provided by G. Gassner, Natural History Museum, Vienna, Austria) and properly pre-
pared for further examinations. The obtained scales were cleaned with pressurized air for 30 s and individ-
ually singled or cut into small pieces (Figure 3.1 c¢). In some cases, the ventral and dorsal scales can be
distinguished by their different colors. The skin on the back of sandfish exhibits dark color (see Fig-
ure 3.1 a), so the scales molted from this area have some dark areas (the scales on the left in Figure 3.1 c).
The ventral skin is opaque leading to the opaque molted scales (the right-side scales in Figure 3.1 ¢). How-
ever, in most cases the scales should be distinguished by the microstructures as a previous study [25] indi-
cates that the dorsal scales of sandfish feature comb-like step structures while the topography of its ventral
scales is nearly planar. The prepared scales were glued on a glass slide by a double-sided adhesive tape for
AFM characterization.

Figure 3.1: Photos of sandfish and its molted scales. (a) A sandfish (S. scincus) is resting above the ground of the desert in its natural
habitat. (b) The sandfish is half-buried in the sand. Photos are from Gerrit Jan Verspui and used with kind permission.
(c) Photos of the molted scales of sandfish. Scales were cut into small pieces or individually singled for further meas-
urements.
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3 Microscopic tribological properties of dorsal sandfish scales

The topography of the dorsal and ventral scales of sandfish was examined by AFM and shown in Figure 3.2.
On the dorsal scales, the step structures with comb-like substructures at the edge (Figure 3.2 a) were ob-
served, which conforms the previous reports [22, 25]. The step height was measured ranging from 200 nm
to 300 nm and the distance between two neighboring steps was determined as approximately 5 pm. How-
ever, the direction of the step structures on sandfish body cannot be recognized as it does not molt its scales
as a whole piece like snakes but sheds them as many small pieces. No obvious scratches or hurts were
observed in the image. Figure 3.2 b) shows the topography of ventral sandfish scales revealing a compara-
bly smooth surface with no recognizable steps. Nonetheless, meticulous pm-scale groves were frequently
imaged, which might originate from scratches. No further regular micro- or nanostructures were observed.

Figure 3.2: Structural analysis of the sandfish scales examined by AFM and SEM. (a) The topography of a dorsal scale measured by
AFM reveals step structures which have a saw-tooth like shape magnified in the inset. (b) On the ventral scale no step
structures are observed. (c) A cross section of dorsal sandfish scale recorded by SEM suggests a layered internal structure.

Besides the surface topography, the cross sectional architecture is another important structural property
which may help sandfish to achieve desirable tribological performances. Figure 3.2 ¢) displays the cross
section of a dorsal sandfish scale imaged by SEM. An inner structure consisting of several thin layers was
imaged, which is very similar to snakes [158]. Nano-indentation experiments on snake’s multi-layered
scales demonstrated both structural and material gradient to dispense pressure and reduce abrasion [159,
160]. The similar inner structure of sandfish might possess the same function as snakes. Nevertheless, the
thickness of dorsal sandfish scale (about 8 um) is much thinner than ventral snake scales (usually about
20 um or even more) but resemble dorsal snake scales (see Chapter 4.2, Figure 4.4).

3.2 Wettability

Some of lizards living in the extreme dry and waterless desert are optimized with the ability of harvesting
water from the surroundings [62], which commonly coincides with low contact angles on their scale sur-
faces. However, very low or nearly vanishing adhesion was reported on the dorsal sandfish scales by Baum-
gartner et al. [25, 26] indicating low surface energy and typically corresponding to high contact angles [88].
Thus, it is necessary to examine the wettability of sandfish scales.

First, the water contact angle measurement was conducted on single dorsal sandfish scales and the results
are summarized in Figure 3.3 a) and b). A 1 puL water droplet was dropped on the scale surface revealing
an initial contact angle of 101°. Further monitoring the droplet on the scale in the following 10 min, the
droplet shape remains stable and finally behaves a contact angle of 98°. This indicates that the wettability
of single sandfish scale is neither superhydrophobic nor superhydrophilic implying a “normal” adhesion
property. Despite this, more details about the adhesion property of sandfish scales will be discussed in the
following Section 3.3.
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Figure 3.3:  Water contact angle on sandfish scales and its variation with time. (a) On single scale an initial contact angle of 101° is
observed (droplet volume 1 pL). (b) After 10 min the value reduces to 98°. (c) A 5 pL water droplet covering several
scales shows an initial contact angle of 92°. (d) The value decreases significantly to 67° after 10 min.

Furthermore, using larger volumes of 5 pL water droplets the same measurement on multi-scales was con-
ducted to allow the droplet contacting with several scales as well as the tissue between the neighboring
scales at the same time. Figure 3.3 ¢) and d) display the results at the beginning of the experiment and after
10 min, respectively. In this case, the initial contact angle is 92°, which is smaller than that on a single
scale. The value decreases significantly with time to 67° after 10 minutes (Figure 3.3 d). It can be seen that
the water droplet on multiple scales is not as stable as on a single scale. This is probably caused by the
water spreading over the scales and flowing into the connecting tissue between scales. The same phenom-
enon was also observed by a previous study [62] on sandfish together with some other reptiles, which
concludes that these reptiles optimize their scales, i.e., arrangement or ultra-structures to harvest water from
their extremely dry living habitat. Nonetheless, the experimental results show that sandfish scales do not
exhibit remarkable high or extremely low contact angle if compared to other reptiles. The low adhesion
property reported by Baumgartner et al. needs to be further checked. Therefore, in the next section | exam-
ine the adhesion property of sandfish scales in more detail.

3.3 Adhesion properties characterization

Previous studies [25, 26] contribute the outstanding low friction and high abrasion resistant properties of
sandfish skin to the low adhesion ability of its dorsal scales. To further verify this, AFM measurements
were conducted to investigate the adhesion properties of sandfish scales. Some technical surfaces as well
as snake scales were additionally examined as a comparison. The working principle of AFM for the char-
acterization of adhesion forces has already been described in Chapter 2.3.1. To achieve a meaningful char-
acterization, various types of AFM probes including a sand probe, spherical probe in different sizes, and a
sharp silicon tip were used, which were prepared beforehand in Chapter 2.4.1.
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3 Microscopic tribological properties of dorsal sandfish scales

3.3.1 Adhesion measurement with different types of AFM probes

Considering that the sandfish “swims” in the sand of deserts, it might possess unique adhesion properties
with sand particles. Hence, dorsal sandfish scales were first characterized by a sand probe with a diameter
of about 60 um. Then two additional spherical probes in different diameters (40 um and 20 pm) and a
conventional sharp silicon tip were also utilized to enrich the characterization. Figure 3.4 displays the rep-
resentative force vs. distance curves on dorsal sandfish scales obtained by the above four probes. All curves
show a typical shape as mentioned in Chapter 2.3.1. The negative adhesion peak during the probe retraction
(red curve) is clearly visible, which is different for different probes distinguished as their corresponding
adhesion force Faq marked by the black arrow in each graph. The adhesion forces on dorsal sandfish scale
obtained with the sand probe, 40 um spherical probe, 20 um spherical probe, and sharp tip are 288.3 nN,
144.7nN, 121.3 nN, and 68.2 nN, respectively. One can see that the adhesion force decreases with the
probe size due to the decrease of the contact area. However, comparable adhesion force can be detected on
dorsal sandfish scales even with a sharp AFM tip, which indicates that there is no vanishing or low adhesion
on dorsal sandfish scales.
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Figure 3.4: Typical force distance curves obtained with various AFM probes. (a) With a sand probe. (b) and (c) with spherical glass
probe in different sizes (40 pm and 20 um). (d) With a conventional sharp silicon tip.

To further validate this, 15 arbitrary positions on dorsal sandfish scales were selected and measured by the
above four probes, while the measured positions for each probe were not identical. At each position, ten
measurements were repeatedly conducted to calculate the averaged adhesion force and its corresponding
statistical error bar. The results are summarized in Figure 3.5 a). The average adhesion of the total 15 posi-
tions (represented by the respective dashed lines) obtained with the four probes are 290.8 nN (sand probe),
145.4 nN (40 pm spherical probe), 121.0 nN (20 um spherical probe), and 67.3 nN (sharp tip), respectively.
This result coincides with the force vs. distance curves in Figure 3.4, indicating the decrease of adhesion
force with the contact area. Furthermore, the same experimental procedure on sandfish scales was con-
ducted with two other spherical probes which had the same diameter (20 pm) but were sputtered with metal
coatings (copper and tungsten, respectively). Figure 3.5 b) shows the adhesion results obtained by the two
metal-coated spherical probes as well as a same-sized bare spherical probe with no coatings. It can be seen
that the averaged adhesion force for these three probes are nearly alike (105.0 nN for copper coated probe,
115.5 nN for tungsten coated probe, and 124.9 nN for bare probe). This indicates that the metal coating
only moderately influences the adhesion values if compared to the probe size (i.e. contact area).
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Figure 3.5: Adhesion characterization of sandfish scales by AFM. Various AFM probes in different size or surface chemistry were
used. (a) With four different sized probes indicating different contact areas. (b) With 20 pum diameter spherical probes
which are without or with copper or tungsten coating. For each probe, 15 arbitrary positions were measured on dorsal
sandfish scales and at each position the adhesion forces were measured 10 times to calculate an average value (one data
point in the graph) and its corresponding error bar. The overall average adhesion of all 10 x 15 = 150 measurements
obtained with each probe was calculated and represented by the corresponding dashed line.

3.3.2 Adhesion comparison with snake scales and other technical
surfaces

Since adhesion between AFM probes and dorsal sandfish scales obviously exists, it will be of high interest
to compare this with other materials to further evaluate the adhesion properties of sandfish scales. Addi-
tional adhesion experiments on a biological reference (S. diadema ventral scales) and four tribological rel-
evant surfaces (PMMA, Teflon, HOPG, and silicon) together with dorsal sandfish scales were conducted
with a sharp silicon tip to check if sandfish show superior adhesion behavior. The results of all these sam-
ples are illustrated in Figure 3.6 a). Similar to in Figure 3.5, averaged adhesion forces from ten repeated
measurements on 15 arbitrarily chosen positions were calculated on each sample. The overall averaged
values for sandfish (67.3 nN) are slightly larger than that for S. diadema (41.3 nN), Teflon (46.1 nN), and
silicon (54.2 nN). However, the adhesion on technical surfaces like PMMA (98.2nN) and HOPG
(225.2 nN) is even higher than for sandfish, especially that on HOPG is nearly 3.4 times of that on the
sandfish scale. Consequently, despite that sandfish, to some degree, display low adhesion forces for sharp
tips if compared to technical surfaces like PMMA or HOPG, this adhesion is not exceptionally low.
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Figure 3.6: Adhesion comparison between sandfish scales and other materials. Snake scales as well as some other technical surfaces
were examined for comparison. (a) Adhesion forces on sandfish scales, Clifford’s diadem snake (S. diadema) and four
technical surfaces measured with a sharp AFM tip. The experimental procedure is same as in Figure 3.5. (b) Direct
comparison of adhesion between dorsal sandfish scales and snake scales in their ventral, dorsal and head regions. Four
snake species (P. guttatus, E. pyramidum, S. diadema, and N. atra) were measured. A sand probe was utilized for char-
acterization. Every data point (represented by a column) is averaged from five force vs. distance curves at fourteen
different positions, i.e., n = 70 measurements.

It is interesting to note that the adhesion on S. diadema ventral scales is lower than that on dorsal sandfish
scales. In this case, a more detailed analysis of a sand probe interacting with the scales from different
regions of snakes and sandfish is presented (Figure 3.6 b). More specifically, the adhesion forces were
measured on the ventral, dorsal, and head scales of S. diadema, E. pyramidum, P. guttatus, and N. atra,
respectively, and compared with the results of dorsal sandfish scales. For the investigated snakes, adhesion
forces between the sand probe and dorsal scales are nearly equal to that on the head, which are both smaller
than that on their ventral scales. In addition, the adhesion of the four snake species is very similar in terms
of the scales from the same region even if they are native in different types of habitat, e.g., S. diadema and
E. pyramidum live in or near sandy environments while P. guttatus and N. atra are native in forests. Alt-
hough living with sandy surroundings, S. diadema and E. pyramidum do not show any advanced adhesion
properties with sand particles. More surprisingly, the dorsal scales of sandfish show even larger adhesion
forces for the sand probe than the dorsal scales of all other examined snakes. This result demonstrates that
the analyzed sandfish scales do not feature exceptional low adhesion if compared to the investigated snakes.

Overall, sandfish scales do not possess superior adhesion properties which might help them to achieve the
fabulous low granular friction and wear rates. Some other reasons such as elastic properties of their epider-
mis or dynamics of sandfish “swimming” might be the cause for this. Consequently, further studies are
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3.4 Friction properties characterization

needed. Despite this, it is still necessary to characterize the friction properties of dorsal sandfish scales with
a standard method to specify their frictional performance.

3.4 Friction properties characterization

Generally, the macroscopic frictional coefficient y, which is defined as the ratio between the measured
lateral friction and applied normal load (4 = Fgc / Floag) ON the surfaces, was calculated to describe the
friction properties of technical surfaces. However, during sandfish “swimming” in the sand, numerous mi-
croscale contacts are generated simultaneously and the friction occurs without a defined load. As a result,
previous studies characterized friction on sandfish skin by a granular tribometer which allows sand particles
pouring through a funnel from a high position directly onto the tilted animal body. The tilted angle at which
the sand particles stop to slide off the animal is called granular friction angle (65,). This granular tribometer
is of high practical value for field studies where classical tribometer experiments with animals are chal-
lenging. However, with this method the granular friction angles are roughly determined by loose sand par-
ticles but with no external load applied on the animal bodies. The granular frictional coefficient is estimated
by ug, = tan 8y, but this does not allow a classical load vs. friction analysis. Therefore, to analyze the
friction properties of sandfish, exhaustive friction examinations were carried out on the molted scales of
sandfish with a micro-tribometer and AFM.

3.4.1 Friction characterization by AFM

First, microscopic measurements recording friction vs. load curves on dorsal sandfish scales were con-
ducted by AFM with various probes. The sand probe, spherical glass probe, and sharp silicon tip were
utilized to scan on the sandfish scales creating different types of contacts. The scanning size was set to
20 um x 20 um. For each measurement, a friction loop (see Chapter 2.3.1, Figure 2.5) [140] was recorded
for the AFM tip scanning in forward and backward directions with varying normal load. The averaged
friction forces for both directions were calculated. This procedure neglects the friction anisotropy caused
by the step structures on dorsal sandfish scales [49]. This type of friction anisotropy at the nano-step struc-
tures will be emphatically discussed in Chapter 5. For each sample, three different positions were analyzed,
and the results were averaged into each single data point in Figure 3.7. The error bars correspond to the
standard deviations from averaging. Increasing the defined load F,,4 and recording the frictional force
Fric, the friction coefficient u can be calculated by linearly fitting the applied load and its corresponding
friction data (Frric = Fagn + 4 X Fioad )-

Figure 3.7 a) shows the resulting friction vs. load curves of the dorsal sandfish scales recorded with a spher-
ical probe, a sand probe, and a sharp tip. With each probe, the data sets manifest a nearly linear relationship
between the normal loads and friction forces. The friction coefficient p was calculated as the slope of this
linear fit (provided in the legends) and compared between the results from different probes. The value
obtained with the spherical probe (0.28) and sand probe (0.27) is very close to each other and slightly larger
than that obtained with a sharp tip (0.22). This means that, on the one hand, dorsal sandfish scales do not
show unique or exceptional low friction properties with sand debris if compared to other tips. On the other
hand, the contact area during the friction measurement may cause a small influence on the obtained friction
coefficient.

Furthermore, biological and technical samples including a S. diadema ventral scale, Teflon, PMMA, sili-
con, and HOPG were also investigated with the same sharp tip (i.e. a small contact area) as a comparison.
The results are displayed in Figure 3.7 b) (the data sets for sandfish were replotted from Figure 3.7 a). Sim-
ilarly, conducting the linear fit and calculating the gradient, one can observe that the friction coefficient for
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3 Microscopic tribological properties of dorsal sandfish scales

Teflon (0.78) is the largest, followed by PMMA (0.63) and silicon (0.50). The smallest friction coefficient
is obtained on HOPG (0.02), which is expected for this well-known dry lubricant. Interestingly, the friction
coefficient of the S. diadema ventral scale (0.07) is nearly as small as that for HOPG. Friction for sandfish
scales under the same normal load, however, is found to be between these two groups, i.e., the friction
coefficient for dorsal sandfish scales (0.22) is significantly lower as for technical materials such as Teflon,
PMMA, and silicon but considerably higher as for HOPG and a psammophile snake like S. diadema. This
outcome shows that sandfish scales exhibit good but not exceptional low frictional behavior as it might be
expected at the microscale, at least they are not as good as snake S. diadema.
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Figure 3.7: Friction vs. normal load analysis on dorsal sandfish scales and some other materials. Various AFM probes were used.
Snake scales and several technical surfaces were characterized for comparison. (a) Measurements on dorsal sandfish
scales with a spherical glass probe, a sand probe, and a sharp silicon tip, respectively. (b) Comparison between dorsal
sandfish scale and ventral snake scale together with four technical surfaces with the same sharp silicon tip. The data sets
of each measurement were linearly fitted (represented by the dashed lines in the plots) and the microscopic frictional
coefficient p was calculated as the gradient of the fitting (given in the legends).

3.4.2 Friction measured by micro-tribometry

Moreover, | also characterized the friction properties of dorsal sandfish scales with a reciprocating linear
ball-on-plate micro-tribometer in the group of Christian Greiner, IAM, KIT. S. diadema ventral scale and
technical surfaces such as 100Cr6 (AISI 5210) bearing steel, PEEK, silicon, HOPG, PMMA, and Teflon
were also investigated for comparison. Snake and sandfish scales were cleaned with pressurized air for
about 30 s. All non-biological samples were prepared by grinding with SiC papers of #800 down to #4000
grids together with mechanical polishing with a 3 um diamond suspension (5 min) and 1 pm diamond sus-
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pension (8 min) purchased from Struers, Willich, Germany. This leads to a scratch-free surface with rough-
ness of Ra < 0.01 um determined by optical profilometry (Sensofar Pl neox, Barcelona, Spain). A pol-
ished, 1 mm diameter sapphire sphere from Saphirwerk AG (Bruegg, Switzerland) was used to pair against
the sample surfaces under observation. For all experiments, the normal load and the sliding speed were set
to 0.1 N and 0.5 mm/s, respectively. On each sample, three reciprocating lines with a stroke of 10 mm were
measured for 10 cycles. The recorded friction forces were averaged and divided by the set normal load to
calculate the friction coefficient pyi. All measurements were conducted at room temperature and relative
humidity of 50%.

Figure 3.8 presents the average friction coefficients measured by AFM and micro-tribometer on all the
samples mentioned above, respectively. The settings of AFM measurements are the same as that in Chap-
ter 3.4.1. For all measurements, the friction coefficients of each surface were averaged, and the results
obtained with AFM and micro-tribometer were compared. The friction coefficients measured by the micro-
tribometer demonstrate that when in contact with a 1 mm sapphire sphere, dorsal sandfish scales exhibit
approximately the same friction coefficient as PEEK which is a polymer widely used in tribological appli-
cations. Sandfish shows larger values than most of the other technical surfaces such as PMMA, Teflon,
HOPG, and 100Cr6 bearing steel. However, the friction coefficient of S. diadema ventral scales is compa-
rably smaller and roughly equal to that of 100Cr6 bearing steel. Therefore, from the results obtained with
the micro-tribometer, dorsal sandfish scales do not feature exceptional friction properties if compared to
technical surfaces or ventral snake scales. Interestingly, the friction coefficients of all technical surfaces
(except HOPG) characterized by AFM are considerably higher than the ones obtained by micro-tribometry,
while the values of the biological surfaces from the two characterization methods are very similar. Besides
this, comparing between the results of different samples characterized by AFM, one can find that sandfish
shows lower friction coefficient than most technical materials with the exception of HOPG, but not as low
as the snake S. diadema, which also corresponds to the results in Chapter 3.4.1.
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Figure 3.8: Comparison of the friction coefficients obtained with AFM and micro-tribometry. Two biological samples and six tech-
nical surfaces mentioned in the text were tested. The results of the same material examined by the two characterization
methods are compared. The AFM measurement settings are the same as in Chapter 3.4.1. Average friction coefficient
in each measurement was compared and the corresponding error deviation was calculated.

The different friction coefficients between the measurements on the same technical surface conducted by
micro-tribometry and AFM might be caused by the resulting sub-micron topography features during the
sample preparation process. High wave-vector components of the power spectral density on the surface
topography were produced during the grading and polishing procedure. This probably causes significantly
frictional influence on the nanoscale, which can be detected by AFM but cannot be sensed by the micro-
tribometer [161]. Thus, AFM characterization shows larger friction coefficients. Nevertheless, in both
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cases, sandfish scales do not display the reported unique friction properties and they behave even not as
good as the analyzed snake scales.

3.5 Scratch resistance properties characterization

Another fact of sandfish swimming under sand, which cannot be ignored, is that the sand grains scratch its
epidermis acting as a sharp abrasive. Numerous contacts and scratches will happen all over the animal body
once it submerges into the sand particles every day. A granular abrasion resistant test on dorsal sandfish
skin together with technical surfaces such as Teflon, glass, and steel revealed that sandfish skin got less
damage and could resist wear better than the investigated technical surfaces [19, 23, 24]. In this section, the
abrasion resistance of dorsal sandfish scales is examined on the microscale based on a direct scratching
experiment conducted by AFM. A comparison with S. diadema ventral scales and other technical surfaces
was also carried out.

The procedure of the scratch resistance experiment is very similar to that of the friction measurements, but
very large normal load is applied to provoke wear on the surface. In order to achieve this, several commer-
cial, very hard AFM cantilevers (nominal spring constant of 40 N/m, All-in-One-Al, BudgetSensors) with
a sharp tip at the end were utilized. Various samples including dorsal sandfish scales, S. diadema ventral
scales, PMMA, Teflon, and aluminium (Al) were tested. For each sample, a fresh cantilever with a virgin
tip was employed to avoid the influence of the tip wear when scratching on different samples. Nine small
squared areas (size: 5 um x 5 um), which are evenly located on a 40 um x 40 um examined area, were
scratched on each surface. The normal load or the scratching time was systematically increased for each
subsequently scanned small area. The number of scanning lines was 128 x 128 and the scanning velocity
was set to 0.8 Hz.

3.5.1 Scratching forces

Figure 3.9 shows the wear patterns on the five investigated samples, which were scratched with nine in-
creasing normal loads on each surface, respectively. Their corresponding relationships between the scratch-
ing depth and the applied normal load are also summarized in the last image. According to the linear in-
crease of the friction force with normal load (see Section 3.4.1), the scratching forces were increased in the
nine squared areas on each sample. In all AFM images in Figure 3.9, the normal load was increased from
left to right and top to bottom by increasing the “setpoint” (see Section 2.3.1) in voltage steps, i.e., Figaq =
C, X Syer X (Uyer — Ugis), While all the other scratching conditions were fixed. However, due to the
slight difference of the deflection sensitivity (S,e) Of each virgin cantilever used for scratching each sam-
ple, the normal load on each surface was also not exactly the same. The final largest normal load in the
lower right corner of each AFM image ranges between 35 uN and 60 N according to the deflection sen-
sitivity of the AFM cantilever. Nonetheless, it is obvious to see that on every surface, materials in at least
two squared areas were, more or less, scratched. However, the normal load at which the surface started to
be scratched on each sample is different.

To quantitatively analyze the abrasion resistant ability of the investigated samples, the scratching depth in
each scratching area was measured and plotted as a function of its corresponding applied normal load. The
results are summarized in the last graph in Figure 3.9. It can be seen that all the investigated samples were
finally scratched after the normal load reached a certain threshold, while for each sample this threshold
differs slightly except the Al which got scratched until the normal load increased to above 25 pN. For all
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3.5 Scratch resistance properties characterization

samples, the scratching depth shows a linear increase with normal load after reaching its scratching thresh-
old. Similar abrasion resistance with normal load ability is found on PMMA, ventral snake scales, and
dorsal sandfish scales, while their scratching resistance is not as good as for Teflon and Al.
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Figure 3.9: Abrasion resistance experiments on five different materials characterized by AFM. A hard cantilever was used to scratch
nine squared areas (5 um x 5 pm) on each sample. The normal load was increased in each subsequently scratched area
from left to right and top to bottom. For each material, a virgin sharp tip cantilever was utilized to start scratching. The
AFM images (first five images) show the wear pattern of the investigated surfaces with normal load increasing in steps
on the nine areas. The dashed, red rectangles on the AFM images represent areas with no obvious wear observed. The
last graph demonstrates the scratching depth plotted as a function of normal load extracted from the wear patterns in the
AFM images.

3.5.2 Scratching time

Besides abrasion resistance with normal load, the endurability with scratching time was also examined on
the investigated samples. A same experimental procedure with constant load but increasing scratching time
in every scratched area was conducted. For experiments on all the samples, the normal load was kept the
same at 19.6 UN while the scratching time was increased stepwise by 2.5 minutes. Figure 3.10 shows the
AFM images with wear patterns on the corresponding sample surfaces and the quantitative analysis of the
scratching depth increasing with scratching time.

Since the applied normal load is larger than the scratching threshold of most investigated samples except
Al, the wear patterns on these surfaces are very apparent. Similarly, the scratching depth on each scratching
area was extracted from the wear patterns in AFM images and plotted as a function of its corresponding
scratching time to evaluate the endurability of abrasion resistance of each sample (the last graph in Fig-
ure 3.10). On PMMA, Teflon, and dorsal sandfish scales the scratching depth grows constantly with the
scratching time, while on Al no wear is observed because 19.6 uN of normal load is too small to get any
scratches on this surface. Interestingly, the scratching depth first increases nearly linearly with scratching
time and then reaches a plateau after 12 min scratching on the ventral scales of snake S. diadema. This
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3 Microscopic tribological properties of dorsal sandfish scales

phenomenon was also found in its normal load dependent scratching experiment (see Figure 3.9). This is
probably caused by the inhomogeneity of the layered construction from the inner structure of the snake
scale, i.e., a layer with higher abrasion resistant ability might be finally reached at the scratching depth of

1000 nm to 1300 nm.
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Figure 3.10: Similar wear testing procedure as in Figure 3.9 but with scratching time increasing. The scratching time increased in
the corresponding nine squared areas (from left to right and top to bottom) with the same normal load applied on their
surfaces. For all the scratching experiments, the normal load was fixed to 19.6 pN, but the scratching time was increased
stepwise by 2.5 minutes. AFM images show the wear patterns on each sample. The last graph displays the scratching
depth plotted as a function of the scratching time, which were extracted from the corresponding wear patterns in the
AFM images.

Therefore, from the results of the scratching experiments by AFM, the overall wear resistance of sandfish
scales against a sharp silicon tip is not superior to the investigated technical surfaces or the scales of snake
S. diadema. Finally, as a short conclusion of this chapter, at least on the microscale the tribological proper-
ties including adhesion, friction, and abrasion resistance of sandfish scales do not reveal exceptionally ad-
vanced features.

A shortened version of this chapter was published as the article [21] “Characterization of the microscopic
tribological properties of sandfish (Scincus scincus) scales by atomic force microscopy”, by Weibin Wu,
Christian Lutz, Simon Mersch, Richard Thelen, Christian Greiner, Guillaume Gomard, and Hendrik
Holscher, Beilstein Journal of Nanotechnology, 9, 2618-2627 (2018).
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4  Multi-functionality of snake scales

The scales of snakes do not only act as protection isolating the body from the environment, they are also
important as functional interfaces. Scales covering different regions of snakes, i.e., dorsal, ventral, and
spectacle scales, show different appearance (e.g. shape, color, size, etc.) indicating multiple types of func-
tions. Particularly, the ventral scales of snakes frequently enduring friction and wear might possess fasci-
nating friction reducing or wear resistant abilities; the spectacle scales functioning as a window for the eye
lens might help to filter harmful or to enhance useful light spectrum; the dorsal scales on the backside of
snakes are probably able to self-clean since snakes do not have extremities to clean themselves. Similar to
many biological cases, all these potential functions very likely coincide with specific types of surface micro-
ornamentations. Thus, in this chapter, starting with imaging the micro-ornamentations on the scale surfaces,
the multi-functionality of scales in different regions of the snake body (i.e. dorsal, ventral, and spectacle
scales) is characterized on the twelve snake species presented in Table 2.1. The structural properties includ-
ing topography and cross sectional design, wettability, adhesion properties as well as the spectral transmit-
tance properties are studied by various characterization techniques to systemically investigate the multi-
functionality of snake scales.

4.1 Micro-ornamentations on the ventral, dorsal, and
spectacle scales

Before characterizing their functions, the topography of the scales in different regions of the snake body
was imaged by SEM. To better analyze the topographical features of different snake species, the micro-
ornamentations of scales from the same regions were summarized and compared between the twelve spe-
cies. In this section, the results of the ventral, dorsal, and spectacle scales are presented.

4.1.1 Ventral scales

Due to their special locomotion style, snakes are in direct contact with the substratum by ventral scales
which have to, unavoidably, endure friction and wear every day. This might encourage snakes to evolve
the micro-ornamentations beneficial to reducing friction or enhancing wear resistance on this type of scales.
Thus, the topography of the ventral scales of the mentioned twelve snake species was first imaged. The
results are shown in Figure 4.1. Comparing between different species, it can be seen that a common pattern
of oriented micron-sized fibril structures is found on most investigated snake species except C. hortulanus
and E. pyramidum (see Figure 4.1 h and i).

For all images in Figure 4.1, the snake body proceeds horizontally with their head pointing towards the
right side. Hence, for the snakes featuring micron-sized fibril structures on the ventral scales, the micro-
fibrils are unidirectionally oriented and the fibril ends always point towards the snake’s tail. Nonetheless,
the shape of the micro-fibrils on these snakes is slightly different for each species, e.g., a special, willow
leaf shaped fibril was found on S. diadema (Figure 4.1 g). The fibril end on this snake exhibits a sharp tip
while that on the other species with micro-fibril structures is similarly rounded (see Figure 4.1 a - f). Both
types of micro-fibril structures are typically parallel-organized along the snake bodies. The length of these
fibril structures ranges from 1.5 um to 4 um depending on different species and the width ranges from
0.6 pmto 1.5 pm.
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4 Multi-functionality of snake scales

Figure 4.1: Topographical images of ventral snake scales characterized by SEM. Twelve snake species were examined. For most
snakes including (a) P. guttatus, (b) B. arietans, (c) N. atra, (d) V. aspis, (¢) M. monspessulanus, and (f) S. miliarus, a
common pattern of oriented micron-sized fibril structures is observed. The micro-fibrils on the ventral side of (g) S.
diadema display a slightly different shape like a willow leaf with a sharp fibril tip. However, (h) C. hortulanus and (i)
E. pyramidum show totally different micro-ornamentations. A reticulate structure (smaller size than micro-fibril struc-
tures) with nanoridges is found on C. hortulanus ventral scale. E. pyramidum shows a flat topography with no apparent
micro- or nanostructure, which is very similar to sandfish. More interestingly, three Australian pythons of (j) A. perthen-
sis, (k) A. ramsayi, and (I) M. spilota exhibit more delicate, hierarchically organized micro-fibril structures. The size of
these hierarchical fibrils is much smaller than the normal fibrils in (a) - (g). For all the SEM images, the snake body is
oriented from the left (tail) to the right (head).

However, it is interesting to note that on the last three species (see Figure 4.1 j - I, corresponding to A.
perthensis, A. ramsayi, and M. spilota, respectively) the micro-fibril structures are hierarchically organized.
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4.1 Micro-ornamentations on the ventral, dorsal, and spectacle scales

One can observe about 5 - 15 small fibrils located on a relative larger fibril structure (i.e. the triangle-shape
structure in Figure 4.1 j). More interestingly, all these three species are pythons from Australia. This indi-
cates that, probably, some special functions or abilities exist on their ventral scales for better adapting to
their habitat in Australia. Furthermore, the size of the micro-fibril structures on these three snakes is much
smaller than on the above-mentioned species which show micro-fibrils (the first seven species, Figure 4.1 a
- g). The fibril length and width is normally in the range of 0.4 um -1.5 pm and 0.4 pum, respectively.

If comparing between the micro-fibril structures of ventral snake scales and the step structures of the dorsal
scales of sandfish, a common structural characteristic of these reptiles can be found, i.e., the micro-fibril
structures produce nanoscale steps at their fibril ends (tips) which are similar to the step structures. Alt-
hough ventral snake scale does not exhibit continuous step structures as sandfish, the micro-fibrils longitu-
dinally oriented in the same direction show many distributed nano-steps on its surface. These nano-steps
might cause the same frictional effect as the continuous step structures during locomotion, which indicates
very similar mechanism of controlling friction between snakes and sandfish. A more detailed analysis of
the frictional behavior of the step structures on scales of snakes and sandfish will be introduced in the
following Chapter 5.

Finally, there are also two snake species which show totally different micro-ornamentations on their ventral
scales. C. hortulanus, with the common name Amazon tree boa, is a species form South America. As its
common name indicates, this snake possesses the ability to climb trees. A pattern of reticulate structure
with ridges oriented along the longitudinal body axis is observed on this species (Figure 4.1 h). The size of
this reticulate structure is in the range of several tens or hundreds of nanometers, which is even smaller than
the hierarchical fibril structures on the Australian pythons. Some other species (e.g. A. ramsayi, M. spilota,
and P. guttatus) can also climb trees. Considering that these species show the common micro-fibril struc-
tures on their ventral side, the reticulate structure on C. hortulanus might not be particularly developed for
this function. However, previous studies indeed reported friction anisotropy on the ventral scales of C.
hortulanus [65, 160]. As for E. pyramidum, this species is commonly called carpet viper and found in the
area from Northeast African to Arabian Peninsula which is in the same geographical area as sandfish.
Moreover, also similar to sandfish, the ventral scales of this snake show a relative flat surface without any
micro- or nanostructures (see Figure 4.1 i and Figure 3.2 b). We, therefore, speculate that their same living
conditions might force E. pyramidum and sandfish to evolve similar absent micro-ornamentations on their
ventral side.

4.1.2 Dorsal scales

Dissimilar to ventral scales, the dorsal scales of snakes are usually decorated with various colors or patterns
in terms of different species. On the one hand, these decorations may help snakes to better hide themselves
in their respective surroundings (camouflage) and protect them from the predators. On the other hand, these
decorations also indicate special microstructures on the scale surface, which might be evolved for the aim
of providing unique wettability or reflecting harmful light spectrum. Hence, the topography of the dorsal
scales of the investigated twelve snake species was imaged by SEM and summarized in Figure 4.2. It can
be seen that for different species the micro-ornamentations on their dorsal scales vary considerably in shape
and size. In difference to the ventral scales, various types of microscopic patterns were observed on the
surface of dorsal scales.

Some of the investigated species show very similar micro-ornamentations. For example, the indistinguish-
able foveate (basin-like) patterns with reticulate and porous structures on S. miliarus and B. arietans (Fig-
ure 4.2 a and b). V. aspis and M. monspessulanus also show a similar type of canaliculated micro-derma-
toglyphics with crosshatching ribs on their dorsal scales (Figure 4.2 d and e). Despite this, the micro-
ornamentation patterns between these two groups are totally different. More specifically, V. aspis and M.
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4 Multi-functionality of snake scales

monspessulanus are the species commonly found in southwestern Europe (see Figure 2.2). The close geo-
graphical location as well as the same living habitat (both snakes live in shrubby areas) might be the reason
for the similar microstructures on the dorsal part of these two shakes. Both snakes evolved similar micro-
structures on their backside to better adapt to their living surroundings. As for S. miliarus and B. arietans,
although native in different continents (North America and Africa, respectively), they both belong to the
family Viperidae and their dorsal scales exhibit very similar, extreme black patterns. The microstructures
on these two snakes might help to absorb visible light and as a result, to enhance the dark color. However,
there is no evidence showing any relationship between these two groups of snakes (i.e. group of Fig-

ure 4.2 a, b and group of Figure 4.2 d, e), leading to totally different micro-ornamentations on their dorsal
scales.
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Figure 4.2: Topographical images of dorsal snake scales characterized by SEM. The same twelve snake species as in Figure 4.1
were examined. The results show various types of hierarchical microstructures on the investigated species: (a) S. mil-
iarus and (b) B. arietans (foveate/porous); (c) C. hortulanus (polygonal); (d) V. aspis and (e) M. monspessulanus (can-
aliculated/ribs); (f) P. guttatus (reticulate); (g) A. perthensis and (h) A. ramsayi (lamellate imbricate/echinate); (i) S.
diadema (lamellate imbricate/reticulate); (j) M. spilota (lamellate imbricate/papillate); (k) N. atra (imbricate/echinostri-

ate) and (I) E. pyramidum (verrucate/ reticulate). In some subfigures, an inset image representing an enlargement of a
small area of the image is embedded to show more details about the substructures

Furthermore, several different types of micro-ornamentations were found on the other species such as a
polygonal juxtaposed or honeycomb like pattern on C. hortulanus (Figure 4.2 c) and a reticulate pattern on
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4.1 Micro-ornamentations on the ventral, dorsal, and spectacle scales

P. guttatus (Figure 4.2 f). A major type of lamellate imbricate pattern was observed on five species but the
substructures are diverse: echinate pattern (A. perthensis and A. ramsayi), reticulate and echinate pattern
(S. diadema), papillate structures (M. spilota), and echinostriate pattern (N. atra), which corresponds to
Figure 4.2 g) - k), respectively. Figure 4.2 1) reveals another very different verrucate and polygonal juxta-
posed pattern with a reticulate fine structure on E. pyramidum. Various micro-ornamentations are found on
the dorsal scales of the investigated snake species, which might be used to achieve different functionalities
according to their individual demands from the living environment.

Despite this, from the SEM images, one common characteristic of these micro-ornamentations is that most
snake species exhibit at least two levels of hierarchical microstructures (i.e. major type and subtype) except
C. hortulanus (Figure 4.2 ¢) and P. guttatus (Figure 4.2 f). Table 4.1 summarizes the detailed classification
of the major and sub hierarchical patterns on the dorsal scales of the investigated snakes. The size of the
microstructures at the same hierarchical level on different species varies moderately from hundreds of na-
nometers to several micrometers. This type of exquisite structural characteristic indicates dedicated func-
tions such as excellent wettability or spectral regulating ability, which will be further examined in the fol-
lowing sections.

Table 4.1: Description of the hierarchical micro-ornamentations on the dorsal scales of the investigated twelve snake species.
Species Major pattern type Subtype pattern
S. miliarius foveate with raised cell borders reticulate and porous
B. arietans foveate with raised cell borders reticulate and porous

C. hortulanus
V. aspis

M. monpessulanus

polygonal juxtaposed
canaliculated

canaliculated

none
crosshatching ribs and reticulate

crosshatching ribs

P. guttatus reticulate none

A. perthensis lamellate imbricate echinate

A. ramsayi lamellate imbricate echinate

S. diadema lamellate imbricate reticulate and echinate
M. spilota lamellate imbricate papillate

N. atra lamellate imbricate echinostriate

E. pyramidum verrucate and polygonal juxtaposed reticulate

4.1.3 Spectacle scales

Besides the scales on the ventral and dorsal side, snakes also possess two special pieces of scales for cov-
ering and protecting their eyeballs, which are commonly called spectacle scales [162, 163]. As a window
for the eye lens, the spectacle scale might be important for regulating light spectrum such as blocking det-
rimental light into the eye lens. In addition, the lack of movable eyelids as well as hands or feet impedes
the snake cleaning their spectacle scales. No evidence has shown any specific behavior which indicates
how snakes clean their eyes. Thus, self-cleaning capability is suspected on such scales. Both light spectrum
regulating and self-cleaning abilities are usually appeared with typical microstructures on the surface.
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4 Multi-functionality of snake scales

Figure 4.3 summarizes the photos of the spectacle scales of two snake species as well as the SEM and AFM
images revealing the microstructures on the surfaces. Two photos of the molted scales from the head of V.
aspis (top image) and B. arietans (bottom image) are shown in Figure 4.3 a). In each photo, two spherical-
shaped spectacle scales are observed at the location of the eyeballs. On each snake, the spectacle scales
look more transparent than the surrounding scales, which indicates good spectral transmittance ability of
the spectacle scales. If comparing between the two species, the size of the spectacle scales of V. aspis (about
4 mm in diameter) is slightly smaller than that of B. arietans (about 5 mm in diameter). Several reasons
can be accounted for this difference, e.g., their different age period or the original body size difference
between the species. However, it is also interesting to note that the spectacle scales of these two species
show similar appearance even though the scales in the surrounding areas display significantly different
colors or patterns between them. This implies similar micro-ornamentations on the spectacle scales of dif-
ferent snake species.

-55nm

Figure 4.3:  Photographs together with SEM and AFM images of spectacle snake scales. The photos of molted spectacle scales are
from two species (V. aspis and B. arietans). The SEM and AFM images are from spectacle scales of a corn snake (P.
guttatus) indicating the micro-ornamentations on the exterior surfaces. (a) Two transparent spectacle scales at the posi-
tion of covering the eyeballs on the molted scales (head part only) of V. aspis (top image) and B. arietans (bottom
image), respectively. SEM images reveal stitching pentagon or hexagon patterns on the spectacle scale of P. guttatus:
(b) in the spherical central area and (c) at the edge region. Interesting narrow channels linking into polygon shapes are
also observed in (c). (d) An AFM measurement on the same species (P. guttatus) shows a clear insight of the two
different polygon borders: narrow channels and stitching boundaries. (€) The enlargement of a small area marked by
the black dashed square in (d) shows micro-fibril structures at the stitching boundary, while these structures are not
obvious at the narrow channels. Numerous nanoscale pits are also found on the surface. The scanning size of image (d)
and (e) is 50 pm and 20 pm, respectively.

The micro-ornamentations on the surface of the spectacle scale of a corn snake (P. guattatus) are imaged
by SEM. The results of the spherical central and edge area of the scale are summarized in Figure 4.3 b)
and c), respectively. In the central area (Figure 4.3 b) stitching pentagon or hexagon micro-ornamentations
are observed, while at the edge of the spectacle the polygon structures become stretched in the direction of
perpendicular to the spectacle radius (Figure 4.3 ¢). The size of the polygon structures in the spectacle
central region is about 20 pm - 30 um in diameter. This is much larger than the micro-ornamentations on
the ventral (less than 5 um) and dorsal (hundreds of nanometers for the smallest hierarchical level) scales
as reported before. Then at the edge of the spectacle scale, the polygon structures transform into a stretched
shape with about 40 pm - 60 pum in length and 5 um in width. Besides this, interestingly, in Figure 4.3 ¢)
several narrow channels crossing the stitching polygon structures are observed and these channels are also
linked into a polygon shape. A study which investigated the microstructures on the eye scales of Papua
snake lizard (Lialis jicare) considers these two types of polygon structures as the borders of “Oberhdutchen”
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cells and clear layer cells from the shed overlaying skin, respectively [56]. No other specific functions are
supposed regarding these polygon shape micro-ornamentations as polygons are usually found as basic ele-
ments of spherical-shaped objects.

To show more details of the two different polygon borders, a spectacle scale of the same corn snake was
cut into small pieces (about 2 mm x 2 mm) and imaged by AFM with a sharp tip. Figure 4.3 d) and e) show
the resulting images. In Figure 4.3 d), one can clearly see the narrow channels and the stitching boundaries
of the polygon structures on the scale surface, which are shown as black and white borders in the image,
respectively. This image coincides with the observations of the SEM images. A small area represented by
the black dashed square in Figure 4.3 d) was rescanned by AFM to have a clear insight of the two different
borders. An enlarged image of this area is shown in Figure 4.3 e). At the stitching boundaries micro-fibril
structures similar to those on the ventral scales are observed, while at the channel border the micro-fibrils
are not easily distinguishable. Most of these micro-fibrils are smaller than 1 um in length, which are much
smaller than that on the ventral scales. Finally, it is also interesting to observe that a huge humber of nano-
pits exists on the surface in Figure 4.3 e). These nanoscopic pits might be important for spectral functions
such as enhancing the transmittance of the visible light spectrum into eye lens. Such type of investigation
will be conducted in the following Chapter 4.5.

4.2 Cross section of inner-structures

The cross sectional design is important for the mechanical properties of snake scales [160]. Even though
consisting of the same material, differences in cross section of snake scales may lead to a very different
friction and wear performance during locomotion. Snakes native in different habitats probably evolved
specifically individual cross section of inner-structure for the optimized tribological contacts with the sub-
strates. Besides this, the thickness of the scales is also vital for wear properties. In general, on the same
substrate, the thicker scales show less abrasive wear than the thinner ones due to the dissipation of the shear
force in the deformations of thicker scales [160]. Thus, it is necessary to investigate the cross section as
well as the thickness of snake scales. A comparison between the dorsal, ventral, and spectacle scales of two
snake species was conducted.

Figure 4.4 summarizes the cross sectional design of these three types of regional scales from a Chinese
cobra (N. atra) and a corn snake (P. guttatus), which are imaged by SEM. The image from top to bottom
corresponds to the cross section of the dorsal, ventral, and spectacle scale, respectively. The left column
displays the results from N. atra and images of P. guttatus are shown on the right side. In all images, parallel
layered internal structures are observed. This is most apparent on their ventral scales (see Figure 4.4 ¢ and
d). However, the thickness of each single layer and the quantity of total layers differ for different regions
of snakes (i.e. dorsal, ventral, and spectacle scales). It can be imagined that this kind of layered structures
are able to show superior friction and wear performance in contrast to bulk materials, which is due to their
potential ability of dissipating energies and forces with the help of several supportive layers under the
outermost surface. Such effect has been widely reported on technical layered materials such as graphite
[164-166] or MoS; [164, 167].

Ventral scales of both snake species show very typical multilayered structures in the cross sections. Several
layers stacking one after another build up a type of fractured cross sectional structure (see Figure 4.4 ¢
and d). Once external forces are exerted on the scale surface, this multilayered architecture might be bene-
ficial to redistributing the pressure and ultimately reducing it into a minimum value at a certain interface
(layer) [158, 160, 168]. This is very practical for snakes since they traverse on different types of terrains
and sometimes on harsh substrates causing large pressure on their ventral scales due to their large body
mass. It is also interesting to observe many similar tiny nano-pipes, inside which long fibers grow (about
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0.5 um - 1 um in diameter), on the top layer (the most exterior layer) of ventral scales of both snakes. These
nano-pipes and fibers are oriented along the body’s longitudinal direction and are probably able to enhance
the mechanical strength of scales in snake’s locomotion direction. Nonetheless, these fiber-filled nano-
pipes also indicate high elasticity when forces are applied normally onto the scale surface. Such an arrange-
ment can disperse pressure on the body surface and protect the inner-body organs. The other layers loosely
piled up beneath the top layer may also achieve the same function.

Figure 4.4: SEM images show the cross sectional design of snake scales. The dorsal, ventral, and spectacle scales of N. atra (left)
and P. guttatus (right) were examined. (a) and (b) show the results of the dorsal scales of the two species. On N. atra the
cross section displays a multilayered structure, while P. guttatus does not show a very apparent layered cross section. (c)
and (d) are the ventral scales demonstrating a similar, typical multilayered structure on the two species. (e) and (f) show
the spectacle scales with more compact layered structures than the ventral scales. The top of each image represents the
most exterior surface of each snake scale.

The cross section of the dorsal scales of two snake species are a little bit different (see Figure 4.4 a and b).
Similar to its ventral scales, Chinese cobra (N. atra) also features loosely stacked, multilayered structure in
its dorsal scales. However, no nano-pipes or inside nano-fibers are observed on the exterior layer and the
quantity of the layer is less than that on the ventral scale. On P. guttatus dorsal scale, the cross section does
not reveal a layered structure and looks more compact than the dorsal scale of N. atra. This outcome is
reasonable as the dorsal scales are not in direct contact with the substratum and usually endure much less
friction and wear than their ventral scales. However, the layered structures on the dorsal scale might be also
helpful for increasing the flexibility of the snake skins.
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4.3 Wetting properties

Figure 4.4 ¢) and f) show the SEM images of the spectacle scales of the two snake species revealing very
similar cross section. The inner structure of this type of scale appears to be very compact demonstrating
many thin layers closely clinging to each other. This compressed structure might be important for providing
high hardness as a mechanical protection for the eye lens. Besides this, it is also probably beneficial to the
enhancement of the spectral transmittance as loose cross sectional architecture would significantly scatter
the light going into the eye lens. The existed gaps between the layers in the image might be enhanced or
produced during the cutting process for the preparation of samples for SEM imaging. The spectral trans-
mittance properties of spectacle snake scales will be examined in the following Chapter 4.5.

In addition, if comparing between the dorsal, ventral, and spectacle scales of the same snake, it is interesting
to note that the thickness of the scales differs among the regions of the same snake. Moreover, both snake
species exhibit a similar trend: the ventral scale is the thickest (30.2 um and 18.7 um for N. atra and P.
guttatus, respectively), then the spectacle scale is slightly thinner (20.1 um and 16.3 um), and the dorsal
scale is the thinnest (9.8 um and 6.9 um). As already mentioned before, a thicker surface would withstand
less abrasive wear. The large thickness of ventral snake scales, therefore, can help to improve the wear
resistant ability of snakes when traversing on complicated, tough terrains. The dorsal snake scales are nor-
mally not used for anti-wear purpose, thus the thickness of this type of scale is comparably small. This can
also increase the flexibility of snake body for other purposes such as the body curvature for camouflage or
predation. Snakes might need the intermediate thickness for the aim of enhancing the mechanical hardness
of spectacle scales to protect the eye lens from possible damages (e.g. shrubs or sand grains).

4.3 Wetting properties

Although equipped with the smallest thickness leading to poor tribological capability (e.g. wear resistance)
in contrast to ventral and spectacle scales, dorsal snake scales feature more exquisite, hierarchical micro-
structures on their external surface. This suggests a fascinating interfacial function of this type of scale.
Moreover, the diverse, hierarchical microstructures on different snake species indicate dedicated functions
for individual tasks according to the demand for adapting to the respective habitat. For example, self-clean-
ing (anti-contamination) [63, 64] or water-harvesting [62] properties can be expected on surfaces with such
complicated micro-ornamentations. Thus, the wettability should be examined on the dorsal scales of snakes.
Moreover, to answer the question how snakes clean their eyes without extremities or movable eyelids,
which was discussed in the Introduction, checking the wettability of snake spectacle scales is also of high
interest. Therefore, a series of water contact angle measurements was conducted on the dorsal, ventral, and
spectacle scales of all snake species to investigate their wetting properties. A comparison between the re-
sults of these different scales was made.

Figure 4.5 shows the images of a 1 pL water droplet on the exterior surface of a single dorsal, ventral, and
spectacle scale of the snake S. miliarius, which reveals that the equilibrium contact angles on the corre-
sponding scales are 143°, 111°, and 103°, respectively. The droplet was placed on flat dorsal or ventral
scales to measure the contact angle, while for the spectacle scale the droplet was carefully dropped onto the
spherical top of an intact scale. The results show that the dorsal scale of S. miliarius is more hydrophobic
than the scales from the other regions. The chemical composition of the scales in different regions of the
same snake is supposed to be similar. Thus, the difference of contact angle on different regional scales is
very likely caused by the microstructures on their surface. The foveate (basin shape) pattern with reticulate
and porous structures on the dorsal scale helps S. miliarius to achieve a comparably large water contact
angle on the exterior surface, possibly realizing a self-cleaning function. On the ventral scales, however,
the oriented micro-fibril structures do not show the same ability. It is also interesting to note that the water
contact angle on the spectacle scale is the smallest among the three values. It seems that the spectacle scales
of S. miliarius do not possess self-cleaning capability. Besides this, a side-view camera shows a similar
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4 Multi-functionality of snake scales

shape of water droplet (see the inset image in Figure 4.5 ¢) as front view demonstrating an isotropic wetting
property. All these results show a normal wettability on the exterior surface of S. miliarius spectacle scales.

Figure 4.5: Contact angle measurements on the molted scales of S. miliarius in different regions. (a) On a flat dorsal scale. (b) On a
flat ventral scale. (c) On the spherical top of an intact spectacle scale. The inset graph in (c) is an image of the water
droplet on the same spectacle scale obtained by a side-view camera revealing an isotropic wetting property. The droplet
volume is 1 pL.

Furthermore, the same experimental procedure was repeatedly conducted on the other eleven snake species.
Singled dorsal, ventral, and spectacle scales of each snake were examined except that some scales are too
small to drop a water droplet onto the surface (i.e. E. pyramidum). No samples of C. hortulanus spectacle
scale were obtained. The results of all the investigated samples are shown in Table 4.2. Twelve measure-
ments were conducted on each sample and the averaged values together with the statistic errors were cal-
culated. One can see that, for all the investigated snakes, the water contact angles on the dorsal scale (rang-
ing from 121° to 145° according to different species) are larger than those on the ventral side (98° - 118°).
The smallest values are observed on the spectacle scales (89° - 104°).

Regarding the results on the dorsal scales of each snake species, B. arietans, S. miliarius, and V. aspis show
the most hydrophobic dorsal scales with an average contact angle of above 140°. Similar hierarchical mi-
crostructures (foveate patterns with reticulate and porous structures, see Figure 4.2 a and b) produce a hy-
drophobic surface on the dorsal scales of S. miliarus and B. arietans, leading to almost equal contact angle
values on these two species. However, the same effect does not appear on V. aspis and M. monspessulanus.
Although they feature similar microstructures (see Figure 4.2 d and e), the contact angle on V. aspis (141°)
is slightly larger than that on M. monspessulanus (130°). In addition, a relatively larger contact angle value
on the ventral scales of M. monspessulanus is observed if compared to other species. It seems that snake
M. monspessulanus has special wetting properties on its scales for individual purpose. The least hydropho-
bic dorsal scales are found on three species, which are N. atra, S. diadema, and C. hortulanus, respectively.
The contact angles on these three snakes locate between 120° and 130°. The values for the other snakes
range from 130° to 140°.

Interestingly, most investigated snake species exhibit water contact angles of around 110° on their ventral
scales except A. ramsayi (102°), M. monpessulanus (118°), and C. hortulanus (98°). Among them, A. ram-
sayi and M. monpessulanus show micro-fibril structures on their ventral side, which are similar to the other
snakes (those with around 110° contact angle on the ventral scales). The ventral scales of these two snakes
might possess some special chemical composition causing the slightly different contact angles. Nonethe-
less, C. hortulanus shows very different micro-ornamentations on its ventral side (see Figure 4.1 h). The
smaller values on this snake might be caused by the reticulate structures on its ventral scale through which
the water can probably seep into the scales, leading to a small contact angle on the surface. To recapitulate,
the micro-fibril structures on ventral snake scales are not as excellent as the hierarchical microstructures on
the dorsal scales in terms of enhancing water contact angle on the scale surface for self-cleaning utilization.
These micro-fibril structures should be responsible for the other functions.
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4.4 Adhesion properties

Table 4.2: Water contact angle values on the scales of twelve snake species. On each snake, the exterior surface of the dorsal,
ventral, and spectacle scales was examined, respectively.

Species Dorsal Ventral Spectacle
S. miliarius 143 £5° 111 £3° 103 £ 3°
B. arietans 145+ 3° 109 £ 4° 104 £ 2°
C. hortulanus 121 + 4° 98 +8° -

V. aspis 141 £ 4° 111 +1° 103+ 1°
M. monpessulanus 130+ 7° 118 £ 5° 101+ 3°
P. guttatus 133+ 2° 108 £ 1° 98 £ 6°
A. perthensis 135+£5° 110 £ 2° 89 +4°
A. ramsayi 133 +4° 102 + 6° *

S. diadema 126 £5° 109 + 2° 96 + 6°
M. spilota 134 £6° 108 £ 2° 92 £2°
N. atra 122 £ 4° 111 +£1° 102 £ 2°
E. pyramidum * * *

* the sample scales were too small to get reliable results.

- no sample scales were available.

Ultimately, the contact angles on spectacle scales are not as high as on dorsal scales. With two exceptions
of A. perthensis and M. spilota showing slightly smaller values (89° and 92°, respectively), most snakes
show a water contact angle of around 100°. This effect is similar to that on ventral scales (110°) but with
a smaller value. This outcome also coincides with the micro-ornamentations on scales. Most snakes show
similar microstructures on their ventral scales (micro-fibril structures) or spectacle scales (polygon like
structures) leading to a similar contact angle value on the surface, respectively. However, the various micro-
ornamentations on the dorsal scales of different snakes cause a wide variation of contact angles on the
surface according to individual demands. To conclude, the dorsal scales of some shakes (i.e. those with
high contact angles) might be able to self-clean, but the ventral and spectacle scales are not decorated for
this function.

4.4 Adhesion properties

As shown in Chapter 2.1.1, a large water contact angle corresponds to a low adhesion energy (force) of the
surface material [92, 95, 96]. Thus, the contact angle results can be confirmed by measuring the adhesion
forces on the scale’s surfaces. To achieve this, adhesion forces of a sharp AFM tip (made from silicon)
interacting with the dorsal, ventral, and spectacle scales of all the investigated snake species were recorded.
On each sample 10 arbitrary positions were measured and at each position 10 measurements were repeat-
edly conducted. The adhesion force on each sample was calculated from the force vs. distance curve ob-
tained in each measurement and averaged from the total of 100 measurements. Figure 4.6 summarizes the
results of the twelve snake species.
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Figure 4.6: Adhesion forces of a sharp AFM silicon tip interacting with snake scales. The dorsal, ventral, and spectacle scales of
twelve snake species were examined. On each sample, the adhesion forces were measured at 10 arbitrary positions and
10 measurements were repeated at each position. The resulting adhesion force of each sample was averaged from all 100
measurements and the error bars correspond to the respective statistical error. Comparably large adhesion values are
found on the spectacle scales while those on the dorsal scales are very small. There is no data for the spectacle scale of
C. hortulanus due to the lack of this sample.

For all the investigated snakes except A. ramsayi, a similar trend is observed in Figure 4.6, i.e., on each
snake the measured adhesion forces are the largest for the spectacle scales while they are smallest for the
dorsal scales. The values obtained on the ventral scales are between these two groups. The adhesion forces
on the ventral and spectacle scales of M. monpessulanus are very close to each other. For A. ramsayi, the
adhesion forces on the dorsal scales are larger than that on the ventral scales but still not as large as that on
spectacle scales. Nevertheless, this outcome, revealing a common trend of adhesion properties of the scales
in different regions of snake body, also coincides with the contact angle results in the last section. Both
adhesion and contact angles indicate a possible self-cleaning capability existing on the dorsal scales of
snakes. However, the spectacle scales do not possess this ability and their performance is even not as good
as the ventral scales. Besides this, if comparing the results of the same type of regional scales between
different snake species, one can find various adhesion performances even though all the measurements in
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Figure 4.6 were conducted with the AFM tips from the same batch. The adhesion forces on dorsal scales of
different snakes are close to each other. The values for most snakes are less than 13 nN whereas A. ramsayi
and M. monpessulanus show slightly larger results (nearly 20 nN). Spectacle scales exhibit a similar trend
as dorsal scales. The adhesion forces on most snake species are around 25 nN except three species (S.
miliarius, B. arietans, and E. pyramidum), which show the values of more than 30 nN. As for ventral scales,
the adhesion forces are fluctuating for different species and can be roughly divided into two main groups:
around 10 nN (A. perthensis, A. ramsayi, V. aspis, N. atra, and P. guttatus) and around 20 nN (all other
species).

4.5 Spectral transmittance properties

It is unexpected that spectacle scales of the investigated snakes feature such comparable high adhesion and
small contact angles preventing wet self-cleaning. This means that snakes cannot easily clean their eyes
unless they shed the old scales and replace them by the new ones. Nonetheless, this is also reasonable as
self-cleaning properties are always happened with complicated, exquisite microstructures (e.g. microstruc-
tures on the dorsal scales), which usually reduce the spectral transmittance of the scale causing diminution
of vision. It can be assumed that snakes might have to abandon self-cleaning ability for obtaining a better
spectral visibility on their spectacle scales during the long time of environmental selection. Hence, in order
to verify this assumption, the spectral transmittances of the dorsal, ventral, and spectacle scales of eight
snake species (the name of each species is indicated in each sub-image) were investigated and summarized
in Figure 4.7.
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Figure 4.7: Spectral transmittances of the molted scales from eight different snake species. The specific name of each snake is indi-
cated in the lower right corner of each sub-image. The dorsal, ventral, and spectacle scales were examined on each snake.
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The investigated wavelength is in the range of 300 nm - 1200 nm. The characterizing resolution for most snakes was
2 nm while for N. atra and P. guttatus it was 5 nm.

It can be seen that on the dorsal scales of all investigated snakes the spectral transmittances manifest a
gradual decreasing relationship with lower wavelengths. One possible reason for this outcome might be the
scattering effects of the complicated micro-ornamentations on their surfaces. Although displaying various
microstructures, the dorsal scales of different species show a very similar spectral transmittance pattern.
The transmittances of spectacle scales show another general pattern among the eight investigated snakes.
In difference to the dorsal scales, they remain a constantly high transmittance (nearly 90%) in visible light
and near-infrared spectrum, while the value will reduce significantly once the wavelength reach the range
of ultraviolet spectrum. Regarding the ventral scales, most snakes (see Figure 4.7 a - f) show very indistin-
guishable spectral transmittance as their spectacle scales with an exception of two species (S. diadema and
P. guttatus). The results of ventral scales of both snakes exhibit a similar trend as their dorsal scales (Fig-
ure 4.7 g and h).

For almost all curves in Figure 4.7, a cutoff in the ultraviolet spectrum exists, below which the transmittance
decreases sharply to less than 30%. This outcome is particularly typical for the spectacle scales. For three
snake species, the transmittance of spectacle scales reaches nearly 0% (B. arietans) or is completely blocked
(N. atra and M. monpessulanus) when the wavelength reduces to 300 nm. The dorsal scales of S. miliarus
and B. arietans, which are black colored in most areas, do not show cutoff pattern but display a gradually
decreasing transmittance until reach nearly 0% at the wavelength of 300 nm. Extremely low transmittance
in the ultraviolet spectrum is found on all the regional scales. This indicates a function of anti-ultraviolet to
protect snake skin as well as the inner organisms from the harmful solar radiation. Among them, dorsal
scales are directly exposed under sunlight and receive more solar radiation than the other scales. Thus, they
are good at scattering light to reduce the radiation within the investigated spectrum. The spectacle scales
are important for snake’s vision. A study investigating the visual pigment genes of snakes [76] reported
that snakes are dichromatic and can see two primary colors, i.e., blue and green (corresponding to 470 nm
- 560 nm wavelength). In this case, the spectacle scales function as a high pass filter allowing the visible
light and near-infrared spectrum going into the eye lens while cutting down the harmful ultraviolet spec-
trum. The ventral snake scales are in contact with the substratum for most of time, which do not have
necessary requirements for high spectral transmittance. However, it is interesting to note that the ventral
scales of most snakes show a similar spectral transmittance pattern as their spectacle scales. This might be
due to the micro-ornamentations on the scale surfaces, i.e., the microstructures on the dorsal scales are
capable to scatter light while those on the ventral and spectacle scales cannot achieve the same functionality.
As a result, the ventral scales show the same high spectral transmittance as spectacle scales.

4.6 Functions of snake dorsal, ventral, and spectacle
scales

The structural properties including micro-ornamentations on scale topography and cross section of inner-
structures were investigated on the dorsal, ventral, and spectacle scales of twelve snake species by SEM.
For an individual snake, the micro-ornamentations on the surfaces of its different regional scales were found
to be totally different. This indicates that the scales in different regions of snake body are probably equipped
with different functions. Interestingly, if comparing between different snake species, the dorsal scales of
different snakes show diverse micro-ornamentations. However, on the ventral scales (oriented micro-fibril
structures) as well as on the spectacle scales (stitching polygon structures) the microstructures on the same
regional scale are very similar for most investigated snakes. The cross sectional architecture of all the re-
gional scales (i.e. dorsal, ventral, and spectacle scales) shows similar stacked layered structures, while the
respective quantity of the layers is very different. On the same snake, the thickness of ventral scale is nearly

48
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three times as that of its dorsal scale. This reveals better frictional and wear resistant properties on ventral
snake side. Therefore, the differences of the topographical microstructures and cross sectional inner-struc-
tures between the dorsal, ventral, and spectacle scales of the same snake imply multi-functional abilities on
these scales. Moreover, the similarity of the structural characteristics on the same regional scales between
different snake species indicates a general principle of these multi-functional abilities.

Although widely discussed, the function of dorsal snake scales has not reached a unanimous agreement.
Previous studies showed several examples of dorsal snake skin functioning as light filter [41, 60], color
enhancement [61], or anti-wetting surface [44, 64]. Diverse micro-ornamentations found on different snake
species indicate dedicated functions for individual snakes in order to better fit into their living surroundings.
Water contact angle on the exterior surface of dorsal scales of different snake species varies in the range of
120° - 145°, while the results on the ventral and spectacle scales are relatively stable at the value of around
110° and 100°, respectively. Measurements of adhesion forces through a sharp AFM tip interacting with
the scale surface also show a same trend as the contact angle results. Hence, the dorsal part of snakes is
more likely to possess a self-cleaning or anti-contamination ability if compared to the scales in the other
regions. Contact angles of more than 140° were even observed on three species (V. aspis, S. miliarus, and
B. arietans). Besides this, dorsal snake scales also show the capability of scattering light in the examined
spectrum of 300 nm - 1200 nm wavelength. A reduction of spectral transmittance for decreasing wave-
length was observed. This property might protect the snake skin as well as its inner organism from the
everyday solar radiation. Especially for S. miliarus and B. arietans, the spectral transmittance of their dorsal
scales is lower than 20% within most part of the visible light spectrum and even reaches nearly zero in
ultraviolet spectrum.

As for the function of the micro-fibril structures on ventral snake scales, the water contact angle on this
type of scales indicates a “normal” wettability (110°) without self-cleaning property. Although most shakes
show high spectral transmittance on their ventral scales (similar to their spectacle scales), no spectral related
functions can be imagined since they are in direct contact with the substratum for most of time. On this
account, the most widely accepted theory of the function of ventral snake scales so far is to improve fric-
tional properties like friction anisotropy [49-52, 65] during snake’s locomotion. Australia pythons (A.
perthensis, A. ramsayi, and M. spilota) even feature more delicate, hierarchical micro-fibril structures on
their ventral scales. Due to the small size of their micro-fibrils, they have more quantities of fibrils in contact
with the substratum for the same contact area. This might allow them to show a more refined frictional
performance during locomotion. A detailed analysis of the friction anisotropy on ventral snake scales as
well as the relationship between friction anisotropy and the micro-fibril structures will be presented in the
following Chapter 5. In difference to most investigated snakes, C. hortulanus shows a reticulate structure
with longitudinal oriented ridges on their ventral scales. Some studies [65, 160] investigated the frictional
properties of this species by a self-built friction angle tribometry and found a smaller friction coefficient on
its ventral scale than on its dorsal and lateral side. Moreover, a slight friction anisotropy in moving forward
and backward directions was also reported [65].

Spectacle scales are initially suspected with self-cleaning properties considering that snakes do not have
extremities or movable eyelids to wipe eyes by themselves. However, unexpectedly, water contact angle
examination on the spectacle scales of twelve snake species only shows a contact angle of around 100°,
which is much smaller than the results on the dorsal scales (120° - 145°) and even smaller than that on the
ventral scales (around 110°). Adhesion force measurements using a sharp AFM tip interacting with the
dorsal, ventral, and spectacle scales of the investigated snake species also coincide with this outcome. It
seems that snakes cannot self-clean their spectacle scales. They have to renew their dirty spectacles by the
periodically molting behaviors when necessary. As a window for the eye lens, spectacle snake scales might
possess another potential ability of filtering harmful light spectrum (e.g. ultraviolet) or enhancing the trans-
mittance of visible light. Snakes probably choose to sacrifice self-cleaning capability to achieve desirable
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spectral transmittance through the long time of evolution because self-cleaning property usually arises with
exquisite and complicated micro- or nanostructures, which might reduce the spectral transmittance of the
scale. The measurements of the spectral transmittance on the spectacle scales of eight snake species reveal
a relatively high transmitting value (nearly 90%) within the visible light and near-infrared spectrum. In the
ultraviolet spectrum, however, a cut-off was frequently observed, below which the transmittance reduces
significantly to lower than 30%. Therefore, it can be concluded that spectacle snake scales featuring very
simple, flat topography causing poor self-cleaning property to obtain better spectral visibility in visible light
and near-infrared spectrum and more importantly, to filter the harmful ultraviolet into eye lens.

A shortened version of this chapter is in preparation as the article “Multifunctional snake scales: the struc-
tural property, wettability, and spectral transmittance of the dorsal, ventral, and spectacle scales of twelve
snake species”, by Weibin Wu, Felix Buck, Shudong Yu, Richard Thelen, Guillaume Gomard, and Hendrik
Hdolscher.
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5 Friction anisotropy caused by step
structures on snake and sandfish
scales

From the analysis of last two chapters, an interesting, common structural characteristic can be observed on
the topography of snake and sandfish scales, i.e., both snakes and sandfish possess nanoscale step structures
on their scale surfaces. The ventral scales of most snakes feature micro-fibril structures with several dis-
tributed nanoscale steps (see Figure 4.1) and the dorsal scales of sandfish show comb-like nano-step struc-
tures (see Figure 3.2 a). Considering that both types of scales play an important role as a tribological inter-
face during their locomotion, the cognate step structures on their scales might function as a typical
component for advanced frictional properties. This suggests a universal principle of reptiles (at least for
snakes and sandfish) optimizing friction for locomotion. Several prior studies have reported friction reduc-
tion or friction anisotropy on ventral snake skins [45, 65, 169, 170]. However, only a few publications
correlated the frictional performance of snake skins to the corresponding microstructures on their surface
[31, 52, 69]. The studies focusing on the frictional performance of nano-step structures on snake or sandfish
scales were even less [47, 49]. In this chapter, therefore, a detailed frictional analysis of the step structures
of ventral snake scales and dorsal sandfish scales was conducted by AFM to determine their function on
the nanoscale.

5.1 Nano-step structures on snake and sandfish scales

The micro-ornamentations on both ventral snake scales and dorsal sandfish scales, although having a dif-
ferent appearance, can be simplified as a similar type of nano-step structure. Figure 5.1 a) shows the AFM
images of the micro-fibril structures on the ventral scales of the snake N. atra. Oriented, discrete micro-
fibrils are evenly distributed on the surface. Each fibril shows two end-points. At the left end-point (fibril
tip, see Figure 5.1 a), an extremely steep nano-step is demonstrated from the fibril top surface to the bottom
base surface. The other end-point (right end-point), however, only shows a gradual slope (ramp shape) from
top to bottom. A more detailed description can be seen in the inset image of Figure 5.1 a). This anisotropic
structural characteristic might be the potential reason for the above-mentioned friction anisotropy on ventral
snake scales. Moreover, the steep step ends are always oriented towards the tail of snakes. If several fibrils
arranged in the same line along the snake body were considered, a small particle moving from the snake’s
tail to the head would need to overcome the extremely steep steps at these fibril tips (upward the step
direction). On the contrary, if the particle moved from the snake’s head to the tail (downward the steps), it
would only need to “climb” the gentle slopes, which will be much easier. This indicates that the nano-steps
at the micro-fibril ends help snakes to increase friction for backward motion, in other words, to enhance
traction and avoid slipping in their forward motion. In difference to snakes, the step structures on dorsal
sandfish scales are continuously located and feature a larger step height than snake scales (Figure 5.1 b).
As a result, a more advanced frictional function can be imagined. Nonetheless, a detailed, nanoscale com-
prehension of step structures and their frictional performance on both snake and sandfish scales is needed.
Such an analysis will be helpful for validating the assumptions made above as well as for further clarifying
the mechanisms how snakes and sandfish manipulate friction during locomotion. Therefore, in the next
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sections the friction anisotropy on ventral snake scales and dorsal sandfish scales will be characterized by
micro-tribometry and AFM.

200 nm

-300 nm

-200 nm

Figure 5.1: AFM images showing nano-steps on ventral snake and dorsal sandfish scales. (a) Micro-fibril structures on snakes with
extremely steep nano-steps at fibril tips (see the inset image). (b) Continuous step structures on sandfish scales. Scan
size of both images is 10 pm.

5.2 Friction anisotropy on ventral snake scales
characterized by micro-tribometry

As reported before, friction anisotropy is frequently found on ventral snake scales [49-52, 65]. However,
very few studies show evidence proving if this friction anisotropy is caused by the material properties of
the snake’s integument or the micro-fibril structures on the scale surface. A suitable method to answer this
question is to fabricate micro-fibril structures on a technical surface and check the friction anisotropy.
Compared to metals or other materials, polymers have the advantages of easy manufacturing and low prices.
In our case, a polymeric replica, which means a polymer surface with micro-fibril structures replicated form
ventral snake scales, was fabricated with a UV-curing optical adhesive (NOA 88). Furthermore, as a refer-
ence for comparison, a flat NOA 88 surface was prepared by imprinting a flat PDMS mold into the polymer.
The friction anisotropy on the ventral scales of seven snake species together with a polymeric replica and
a flat reference was characterized to verify:

1. The existence of friction anisotropy on ventral snake scales.

2. The causation of friction anisotropy due to structural properties of the micro-fibrils or material properties
of snake scales.

5.2.1 Replication of snake fibril structures on polymer surface

A soft lithography technique was used to replicate the snake micro-fibril structures into a NOA 88 polymer
layer [154] as described in Chapter 2.4.2. A polydimethylsiloxane (PDMS) mold containing the negative
pattern of micro-fibril structures was first fabricated and then utilized to transfer the microstructures onto a
NOA 88 surface. A small piece of ventral scale from N. atra was cut to 10 mm x 7 mm and fixed on a
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silicon wafer by a double-sided adhesive tape. An aluminum container was placed onto the silicon wafer
leaving the fixed snake scale at the center. A mixture of Sylgard Silicone Elastomer 184 and its Curing
Agent 184 (weight ratio of 10:1) was stirred evenly in ambient air and then placed into an evacuated desic-
cator. After 20 min, the air bubbles in the mixture were completely removed and the mixture was slowly
poured onto the snake scale in the aluminum container. After that, the whole setup was put on a hotplate
with a constant temperature of 45 °C for 10 hours without applying any pressure. The low temperature and
no pressure conditions allow a slow curing process but avoid damaging the snake scales. The hardened
PDMS mold was separated from the scale and cleaned by an ultrasonic bath with isopropanol to remove
scale remnants. A droplet of about 50 pL. NOA 88 was dripped on a glass slide, into which the hardened
PDMS mold was carefully pressed to avoid air bubbles in the replica. After 20 min of UV exposure at
1.5 mW cm UV radiation power, the cured NOA 88 replica of N. atra scale was obtained by the subse-
quent separation of the PDMS stamp. The replication quality of the surface was checked by AFM imaging
and will be shown in the following Section 5.3.3. Figure 5.2 shows a photography of the N. atra scale used
for replication, the PDMS mold, and the corresponding NOA replica on a glass slide from left to right.

Replica of
double-side;tape

bl
Replica of
snake scale

NOA 88
replica

Figure 5.2: A side-by-side comparison of the snake scale, PDMS mold, and the replica. From left to right are the original, rectan-
gular-cut N. atra ventral scale, the PDMS mold with negative micro-fibril structures, and the NOA 88 replica on a glass
slide, respectively.

5.2.2 Friction anisotropy characterization

Friction anisotropy was characterized on the surface of various samples including ventral scales of seven
snake species (A. ramsayi, V. aspis, S. miliarius, B. arietans, N. atra, S. diadema, and P. guttatus), a poly-
meric replica of N. atra ventral scale, and a flat polymeric reference with a reciprocating linear micro-
tribometer. A 2 mm diameter, polished sapphire sphere (Saphirwerk AG, Bruegg, Switzerland) was used
to pair against the samples. The normal load applied on all the investigated surfaces was kept as 0.5 N. The
reciprocating stroke and sliding speed was set to 8 mm and 0.5 mm/s, respectively. Single, rectangular-cut
ventral scales of seven snake species were fixed on a silicon wafer with double-sided adhesive tapes. The
polymeric replica of N. atra ventral scale was obtained with the soft lithography technique mentioned
above. The flat NOA 88 reference was imprinted with a flat PDMS mold by the same method. In difference
to the frictional measurements described in Chapter 3.4.2, the friction anisotropy was characterized by
measuring the friction on each sample in two opposite orientations (before and after turning the sample of
180°). For each sample orientation the results for the tribometer sliding in both trace and retrace directions
were recorded. In this case, the frictional forces along the same sample/micro-tribometer moving direction
were averaged in order to eliminate the friction deviation of the micro-tribometer reciprocating movement
in trace and retrace direction. For each sample orientation, three reciprocating lines on different positions
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were measured and along each line five reciprocating cycles in both trace and retrace directions were con-
ducted. The friction coefficients for the same sample/micro-tribometer moving direction were averaged and
compared between the snake moving forward and backward direction. The results are summarized in Ta-
ble 5.1. For all the tests, the temperature (22+1 °C) and humidity (45%5%) were controlled.

Table 5.1: Summary of the friction coefficients on snake scales moving in forward and backward direction. All the results were
recorded with a reciprocating linear micro-tribometer and reveal friction anisotropy on the ventral scales of seven snake
species and on a polymeric replica surface.

samples Moving Moving Difference  Difference
forward backward (abs.) (%)
A. ramsayi 0.163 0.183 0.020 12.3
V. aspis 0.195 0.211 0.016 8.2
S. miliarius 0.162 0.181 0.019 11.7
B. arietans 0.177 0.194 0.017 9.6
P. guttatus 0.158 0.175 0.017 10.8
S. diadema 0.175 0.200 0.025 14.3
N. atra 0.187 0.227 0.040 21.4
NOA replica of N. atra 0.402 0.435 0.033 8.2
Flat NOA reference 0.401 0.400 -0.001 0.25

The ventral scales of all the investigated snake species as well as the polymeric replica of N. atra ventral
scale display friction anisotropy shown as larger friction coefficients in backward than in forward direction.
For most snake species, a difference of around 10% was observed between the friction coefficients in these
two inverse directions, while on S. diadema and N. atra the value reaches even about 15% and 20%, re-
spectively. Interestingly, although the friction coefficient difference (8.2%) is not as large as its original
biological scales, similar anisotropic friction between forward and backward direction was also observed
on the polymeric replica of N. atra ventral scale. Measurements on the flat polymeric reference of the same
material indicate an almost isotropic friction (the difference is only 0.25%) in both directions. This outcome
suggests that the micro-fibril structures on the surface of ventral snake scales are of great significance for
creating friction anisotropy.

More specifically, if comparing the friction coefficients between the polymeric replica and its flat reference,
one can see that the values for forward movement on both surfaces are nearly the same, while for backward
motion the value on the replica is larger than that on the reference. This outcome reveals that the function
of the micro-fibril structures on the ventral snake scales is mainly to increase friction in the direction of
snake backward motion, but it cannot reduce friction in snakes” forward motion. This, as a result, leads to
friction anisotropy. Nonetheless, one can also observe that the frictional performance of the polymeric rep-
lica is not as excellent as its biological snake scales. On the one hand, the obtained friction coefficients on
the polymeric replica are considerably larger than that on the original snake scales. Several reasons can be
assumed for this, e.g., the elastic modulus of keratin is higher than that of the polymer (Exeratin = 4.5 GPa >
0.9 GPa = Engagg ) [160] or special material properties of snake scales that might function as a low friction
interface. On the other hand, the characterized friction anisotropy on the polymeric replica is smaller than
that on the original snake scales. This might be partly caused by the non-perfect replication of the micro-
structures (e.g. the nano-step height at fibril tips on the replica is smaller than that on snake scales). There-
fore, although friction anisotropy can be successfully replicated from ventral snake scales to a polymer
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surface, the snake scales still possess the advantages of exhibiting low friction coefficient with high friction
anisotropy if compared to the artificial polymeric surfaces replicated from snakes.

5.3 Friction anisotropy characterization of the nano-
step structures by AFM

The existence of the friction anisotropy on ventral snake scales has been validated. The reason for this
anisotropic ability has also been verified to be owing to the micro-fibril structures but not the material
properties of the scales. However, to determine the mechanisms of how micro-fibril structures inducing
friction anisotropy, an even smaller “nano-tribometer”, which is able to analyze the frictional performances
of single fibril step on the nanoscale, is needed. A sharp AFM tip meets this requirement through scanning
along the micro-fibrils in two inverse directions to correlate the friction anisotropy to the micro-fibril struc-
tures. Similarly, the same characterization procedure can be also applied to the step structures of dorsal
sandfish scales and a polymeric replica of N. atra scales. This is aiming to analyse the friction properties
of different types of nanoscale steps as well as their performance on a different material.

5.3.1 Micro-fibril structures of snakes

The friction anisotropy of single fibril steps was examined on the ventral scales of three snake species (N.
atra, S. diadema, and P. guttatus). A series of topographical and frictional analysis was carried out and
recorded simultaneously by AFM. In order to better simulate the frictional performance of single micro-
fibrils (especially at the fibril step) during snake’s locomotion, the sample orientation was intentionally
adjusted allowing the AFM sharp tip to scan exactly along the longitudinal axis of the micro-fibril. This
will force the tip to unavoidably, vertically move up and down the nano-steps when scanning across the
micro-fibril tips. An area of 10 um x 10 um was scanned on each sample and in each scan both topograph-
ical and frictional signals including trace and retrace data were recorded, respectively.

Figure 5.3 shows the characterization results on the ventral scales of snake N. atra. Typical oriented micro-
fibril structures were observed from the topography image (top panel of Figure 5.3 a). The red arrow in the
image represents the position where a topographical line section longitudinally across the micro-fibrils was
extracted. The corresponding topographical line section was plotted in the middle panel. Three apparent,
noticeable nanoscale steps can be observed at the fibril tips. The step height regarding as the distance from
the fibril top to the bottom base surface was measured as in the range of 50 nm - 60 nm at the three inves-
tigated fibril tips.

During the scanning of the AFM tip along the topographical line (position marked by the red arrow), the
frictional forces were also recorded simultaneously. The signals of moving in forward (trace) and backward
(retrace) directions were collected through a friction loop. The bottom panel in Figure 5.3 a) shows such a
friction loop for a normal load of 1184 nN. At the nano-step of fibril tips, a significant frictional peak was
observed for the AFM tip scanning in both trace and retrace directions. On the fibril terrace (non-step area),
however, the measured friction remains more or less constant. Moreover, it is also interesting to note that
the frictional peak in trace direction (AFM tip going upward the step) is larger than that in retrace direction
(downward the step). Such a difference indicates comparable friction anisotropy at the nano-steps of fibril
tips. To quantitatively analyse this anisotropic friction between upward and downward step direction, fric-
tional increase was defined as the difference between the maximum frictional force at a step edge and the
friction on the corresponding terrace [72]. The averaged friction between trace and retrace terraces was
calculated as the half of mean difference of the friction values between the two terraces. These defined
frictional parameters are all indicated by the black arrows in the bottom panels of Figure 5.3 a).
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Figure 5.3: Topographical and frictional analysis on the micro-fibril structures. Ventral scales of a Chinese cobra (N. atra) were
characterized with a sharp AFM tip, which indicates significant friction anisotropy at the step structure of the fibril tips.
(a) The top graph shows an AFM topography image (size: 10 um x 10 um) of a N. atra ventral scale revealing the
oriented micro-fibril structures. The snake body proceeds along the red arrow and the head is located towards the right,
which means that the micro-fibrils point towards the tail. A longitudinal line section across the fibril structures along the
red arrow in the topography image is shown in the middle panel. Three nano-steps were observed at the fibril tips and
the step height ranges from 50 nm to 60 nm. The bottom panel represents the corresponding friction loop for the AFM
tip scanning along the red arrow under a normal load of 1184 nN. The trace scanning (from left to right, marked in red)
represents the AFM tip going upward the steps, while the retrace scanning (from right to left, displayed in blue) shows
the downward stepping. Frictional peaks arose at the step edge whenever the tip scans upward or downward the fibril
tips. The frictional increase (indicated by the black arrows) for stepping up is much larger than that for stepping down.
(b) The calculated frictional increase at the corresponding three fibril steps is plotted as a function of the applied normal
load. For the AFM tip stepping upward and downward as well as scanning on the terraces (baseline), the frictional
increase displays a linear increase with the normal load, while the corresponding frictional coefficient differs for the
three cases (specific values are illustrated in the legend).

Figure 5.3 b) shows the frictional increase for the AFM tip scanning upward and downward the nano-steps
(corresponding to “upward” and “downward” in Figure 5.3 a) as well as the friction on the terrace (“base-
line”) plotted as a function of the applied normal load. All data points manifest a nearly linear relationship
with normal load. The friction coefficients for these three cases can be calculated as the slope of a linear
fit. The results are shown in the legends. Apparently, the resulting frictional coefficient for the AFM tip
scanning upward the step is much larger than that for scanning downwards. More specifically, at the micro-
fibril tips of N. atra ventral scale, the averaged frictional coefficient for upward a step is nearly 3.7 times
higher as that for stepping down. The friction anisotropy is defined as the frictional coefficient for scanning
upward a step divided by that for downward scans. Thus, the friction anisotropy at the nano-steps of the
ventral scales of the investigated Chinese cobra is 3.7. Since the micro-fibril structures always point towards
the snake’s tail, the frictional coefficient for the AFM tip scanning downward the steps of the fibril tips
corresponds to that in the direction of a snake moving forward. Hence, this outcome indicates that for
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Chinese cobra moving forward is considerably easier than moving backward. Furthermore, if compared to
the results characterized by micro-tribometry in Chapter 5.2.2 (i.e. the friction coefficient in forward motion
is 21.4% less than that in backward motion), the friction anisotropy characterized at single fibril steps by
AFM is more significant.

In addition, in order to further validate the above results, two more snake species (S. diadema and P. gut-
tatus) were characterized by the same analysis procedure. The results are shown in Figure 5.4 and Fig-
ure 5.5, respectively. Very similar micro-fibril structures with nano-steps at their tips as well as the fric-
tional performance when the AFM tip scans over these step structures were observed. However,
interestingly, the step height at the fibril tips differs significantly among the investigated snake species. The
step height on these two species is smaller than that on N. atra, with the value of 15 nm - 30 nm and 10 nm
- 20 nm for S. diadema and P. guttatus, respectively. This difference can be caused by several reasons, e.g.,
their different ages, sizes, living habitats, or the endured abrasion on the step structures. Although display-
ing diverse step heights, these snakes show very similar frictional performances at the fibril steps, indicating
a general mechanism of generating friction anisotropy by the micro-fibril structures on their ventral scales
(see Figure 5.4 b and Figure 5.5 b).
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Figure 5.4: The same topographical and frictional analysis as in Figure 5.3 conducted on S. diadema. Similar micro-fibril structures

ason N. atra were observed, while the step height on this snake is smaller (ranging from 15 nm to 30 nm). The frictional
performances at the fibril steps were also very similar to that on N. atra. The calculated friction coefficients (illustrated
in the legends) were smaller than those of N. atra.

Similarly, analysing the friction loop across the micro-fibril structures and calculating the friction coeffi-
cients at the fibril steps, the friction anisotropy for the AFM tip scanning upward and downward the inves-
tigated nano-steps of S. diadema and P. guttatus are 5.2 and 3.8, respectively. Hence, in the light of the
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duplicated frictional response observed on these three snake species, it can be confirmed that the step struc-
tures at the fibril tips function as a unidirectional stopper to create friction anisotropy. Such design will help
snakes to increase traction or avoid slippery when necessary.
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Figure 5.5: The same topographical and frictional analysis as in Figure 5.3 conducted on P. guttatus. Smaller step heights (10 nm -
20 nm) and frictional coefficients (illustrated in the legends) as for N. atra and S. diadema were obtained.

Lastly, further comparing the friction coefficients measured on the three species, one can notice that a larger
step height induces a larger friction coefficient. The step height decreases on the species in the order of N.
atra, S. diadema, and P. guttatus. The friction coefficient also manifests the same trend for all the three
cases of “upward”, “downward”, and “baseline” scanning. This might help to explain the elaborate mech-
anism of the snakes using their nanoscale step structures to manipulate friction or to achieve the friction
anisotropy they desire. A detailed analysis of this friction-controlling mechanism will be given in the fol-
lowing Chapter 5.4. Besides this, it is also very interesting to note that for all the investigated snakes the
frictional coefficients for downward the step are very close to that of scanning on the fibril terrace (“base-
line”), which are both much smaller than that for upward the step. Particularly, considering that there are
no step structures on the fibril terrace, the friction on this area should be mainly caused by the material
properties of the snake scales. On this account, the friction in moving downward the step direction also
depends on the material properties of the snake scales. No extra, significant friction will be produced when
snakes slide towards this direction. Therefore, the oriented micro-fibril structures on the ventral scales of
snakes provide unidirectional step structures to increase friction when their potential locomoting direction
is upward the fibril steps (corresponding to the backward motion of snakes). They cannot help to reduce
friction when the potential locomoting direction is opposite (corresponding to the forward motion of
snakes). Such structural arrangement, as a result, leads to a friction anisotropy along the longitudinal snake
body. This outcome also coincides with the results obtained by the micro-tribometry in Chapter 5.2.2.
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5.3.2 Step structures of sandfish

In difference to the oriented micro-fibril structures on ventral snake scales, the dorsal scales of sandfish
exhibit continuous step structures. Nonetheless, both types of microstructures display step edges on the
nanoscale. Thus, the nano-step induced friction anisotropy on snakes may also apply to the sandfish. Based
on this, the same topographical and frictional analysis was conducted on dorsal sandfish scales. The results
are summarized in Figure 5.6. From the topography image and the line cross section graph one can see that
sandfish shows even more noticeable step structures than the investigated snakes, i.e., the step height on
sandfish is much larger (200 nm - 300 nm). This indicates probably more fascinating frictional perfor-
mances (e.g. larger friction anisotropy) than ventral snake scales.
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Figure 5.6: Topographical and frictional analysis on dorsal sandfish scales conducted by AFM. The same procedure as already de-
scribed in Figure 5.3 was applied. The characterized step heights are in the range of 200 nm - 300 nm which are much
higher than that on the investigated snakes. The frictional coefficients (illustrated in the legend) for upward the step are
also larger, while for downward the step and scanning on the fibril terrace they are comparable with snakes.

Similar to snakes, the frictional effects of the AFM tip scanning vertically across the step edges on dorsal
sandfish scales also indicate friction anisotropy. This suggests that they might feature the same mechanism
of generating friction anisotropy at the nanoscale. More specifically, the averaged friction coefficient for
the AFM tip scanning upward the nano-steps on sandfish (around 3.1) is much larger than that on Chinese
cobra (around 1.6). For downward scans, however, the results of sandfish (0.32) is surprisingly smaller than
that of Chinese cobra (0.43). More significant friction anisotropy was observed on dorsal sandfish scales
(9.8) than on the ventral scales of Chinese cobra (3.7). In addition, dissimilar to the outcome on snakes, for
dorsal sandfish scales the friction coefficients on the terrace (“baseline”) are the smallest among the three
cases (“upward”, “downward”, and “baseline” scanning), especially smaller than that of downward the
steps. This is probably caused by the comparably large step height on dorsal sandfish scales, i.e., the AFM
tip scans downward a step of several hundreds of hanometers might produce an additional friction leading
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to a larger friction coefficient than for scanning on the terrace. Nonetheless, the direction of the step struc-
tures on dorsal sandfish scales is not known, because sandfish molts their scales into individual pieces and
only a small part of them was obtained for the characterization in this thesis. Overall, it can be concluded
that the orientated nanoscale steps on the scales of snakes and sandfish provide anisotropic friction in their
locomotion directions. This effect is more noticeable at the nanoscale (characterized by AFM) than at the
microscale (characterized by micro-tribometry).

5.3.3 The polymeric replica of snake scales

Although friction anisotropy was found on the micro-fibril structures or step structures of snakes and sand-
fish, there exists another possibility that this anisotropic frictional behavior might be caused by the material
properties of the reptile’s integument. One of the best methods to analyze the relationship between the
friction anisotropy and step structures is to fabricate these step structures onto a non-biological surface and
characterize the friction anisotropy on this surface. Therefore, the above presented topographical and fric-
tional analysis was also repeated on a polymeric replica of N. atra ventral scale, which was fabricated
beforehand in Chapter 5.2.1, to further validate the nano-steps induced friction anisotropy on shake scales.
The results are displayed in Figure 5.7.

As in the previous experiments on snakes and sandfish, the topography image, line cross section, and the
frictional response of AFM tip scanning upward and downward the fibril steps were analysed. In the topog-
raphy image, it can be seen that the micro-fibril structures were well replicated from its original biological
sample to the polymer surface. There is also some structural information lost during the replication process
(see the black pits at the fibril base part in Figure 5.7 a). The step heights at the fibril tips revealing in the
topographical line section graph (scanning position is indicated by the red arrow in the AFM image) range
from 30 nm to 45 nm. These values are slightly smaller than that on their original biological sample of N.
atra scale (50 nm - 60 nm). However, the shape of the friction loop for the AFM tip longitudinally scanning
across the micro-fibrils on the polymeric replica is very similar to that on N. atra scale (see Figure 5.3).
Significant frictional peaks are recorded when the AFM tip scans upward or downward the steps and rela-
tively constant frictional signal on the fibril terrace (non-step area) is observed. In such a friction loop, the
predefined frictional increase (see Chapter 5.3.1) for upward and downward the steps as well as the friction
on the terrace can be calculated.

Increasing the applied normal load on the surface and recording the friction signal, friction vs. load curves
were plotted for the cases of the AFM tip scanning upward, downward the step, and scanning on the fibril
terrace. Their corresponding friction coefficient was calculated by conducting a linear fit. Figure 5.7 b)
shows the results of it scanning along the red arrow in Figure 5.7 a) across three different nano-steps. If
compared to the results obtained on N. atra scale in Figure 5.3, the friction coefficients for scanning upward
the steps on this polymeric replica are a little bit smaller. The averaged value for the replica and N. atra is
1.21 and 1.58, respectively. This might be caused by the smaller step heights on the replica surface com-
pared to that on the original snake scales. However, interestingly, the averaged frictional coefficient for
downward the step on the replica (0.49) is slightly larger than that on snake scale (0.43). As already dis-
cussed in Chapter 5.3.1, the frictional coefficient in this direction is close to that on the fibril terrace, which
is mainly determined by the material properties of the sample. Thus, the difference of the friction coefficient
for downward the step direction between the polymeric replica and N. atra scale is probably caused by the
material discrepancy of NOA 88 and snake scales, such as elastic modulus (see the discussion in Chapter
5.2.2). As a result, the friction anisotropy on the replica surface is calculated as 2.5, which is also not
superior than N. atra scale (3.7). Lastly, although displaying different values, the overall outcome (i.e.
friction coefficients and friction anisotropy, on both N. atra scale and polymeric replica) characterized by
AFM also coincides with the results from micro-tribometry in Chapter 5.2.2. The friction anisotropy on the
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step structures, however, is more apparent on the nanoscale by the analysis of AFM than that of micro-
tribometry.
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Figure 5.7: The same measurement and analysis as in Figure 5.3 conducted on the polymeric replica. The fibril step height on the
replica (30 nm - 45 nm) is slightly smaller than that on its original biological template (50 nm - 60 nm). The frictional
coefficient for upward the step is smaller while for downward the step it is larger. This leads to a smaller frictional
anisotropy on the replica than on the original snake scale.

5.4 Friction anisotropy performance along snake
bodies

From the analysis above, it can be confirmed that the oriented micro-fibril structures on the ventral scales
of snakes featuring nano-steps at the fibril tips help to create anisotropic friction in their locomotion direc-
tions. Snakes moving forward is comparably easier than moving backward. This structure induced friction
anisotropy might allow snakes to achieve various beneficial performances when necessary. Moreover, from
the results of AFM characterization, the height of fibril step also plays an important role for regulating
friction anisotropy. In this case, it is of great necessity to examine the step height as well as the friction
anisotropy from an overview of the whole snake body for better understanding their frictional performances
during locomotion.

5.4.1 Step height dependent friction anisotropy

First, as discussed in Chapter 5.3.1, on the three investigated snake species a larger step height induces a
larger friction coefficient for the AFM tip scanning upward the steps, while the friction coefficient for
downward the steps is always close to that on the terrace. The relationship between step height and friction
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5 Friction anisotropy caused by step structures on snake and sandfish scales

coefficients as well as friction anisotropy should provide the detailed mechanism of snakes controlling
friction. Hence, frictional coefficients together with the calculated friction anisotropy were characterized at
several nano-steps on the ventral scales of N. atra, S. diadema, and P. guttatus. The results were plotted as
a function of their corresponding step heights and summarized in Figure 5.8.
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Figure 5.8: Friction coefficients and friction anisotropy plotted as a function of the fibril step height. The friction coefficients at step
edges and on terraces as well as the calculated friction anisotropy on the ventral scales of N. atra, S. diadema, and P.
guttatus are plotted. (a) Friction coefficients for upward steps display a linear increasing relationship with step height,
while for downward steps and on the terraces the increase is quite low. (b) Friction anisotropy shows a similar trend as
the upward friction coefficient.

For increasing step heights, the friction coefficients for upward steps grow linearly, while those for down-
ward steps and on the terraces show a nearly negligible increase. The upward frictional coefficients grow
much faster than the downward ones. As a result, the calculated frictional anisotropy shows a similar trend
as the upward frictional coefficients, displaying a significant increase with the step height. On different
snake species, friction anisotropy can be observed in the range of 1.5 - 14.3 according to the step heights
ranging from 11 nm to 57.2 nm. A step height of several tens of nano-meters can even produce more than
10-times of the nanoscale anisotropic friction in the opposite directions. This effect is independent of snake
species indicating a universal mechanism. Furthermore, some more smart abilities can be imagined, for
example, snakes might equip micro-fibril structures with flexible fibril tips which can adjust the step height
whenever necessary. With unchangeable tips but different step heights on different segments of their ventral
scales achieving desired friction anisotropy along snake’s body might be also possible. Before examining
the distribution of the step height, the flexibility of the micro-fibrils was first checked. A detailed analysis
of the distribution of the step height and friction anisotropy along the snake’s body will be discussed in the
following Chapter 5.4.3.

5.4.2 Checking the flexibility of the micro-fibrils

Snakes might possess the ability of dynamically controlling the step heights, i.e., the micro-fibrils might be
flexible at their tips leading to adjustable step heights to achieve desirable friction anisotropy when neces-
sary. Recent studies [31, 171] reported that snakes can move their scales to enhance friction and prevent
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5.4 Friction anisotropy performance along snake bodies

slipping. Similarly, on the microscale, snakes might be able to move the micro-fibril tips to realize variable
step heights for designated friction anisotropy during locomotion.

As a first test, we tried to violently stretch or cut the scales, which caused the displacement of the micro-
fibrils from their original position. The scale surface was then imaged by SEM. Figure 5.9 shows the to-
pography of N. atra ventral scale after a series of these operations. It can be clearly seen that some micro-
fibrils were separated from the scale surface (Figure 5.9 a) after being stretched along the fibril longitudinal
direction. Figure 5.9 b) and c) show the free micro-fibrils hanging over the scale edge after cutting the
scales across the fibril structures with a sharp blade. All these evidences indicate that the micro-fibrils on
the scale surface might be movable or flexible. However, it has to be considered that the violent methods
used above are not commonly happened in a snake’s daily life. It is also possible that the micro-fibrils are
loosely attached on the scale surface and were separated by the produced huge forces during these violent
operations. Practically, snakes rarely withstand such huge forces during locomotion. Thus, another experi-
mental procedure by SEM was applied.

Figure 5.9: SEM images of the stretched or cutted N. atra ventral scales. The results indicate that the micro-fibrils might be movable
and not rigidly fixed. (a) Stretching the surface along the longitudinal direction of the fibrils leads to the separation of
some micro-fibrils from the surface. (b) Cutting the scale surface across the micro-fibril structures causes several micro-
fibril tips hanging over the cutting edge. (c) Several micro-fibrils are completely freed from the substrate surface.

To further check the possible flexibility of the micro-fibrils, an examination with a micro-needle scratching
on the scale surface or bending the surface from one side was conducted on N. atra ventral scales. The
whole operating process was conducted under SEM observation. To avoid the influence of the sputtering
metal on the manipulation results, no coating was sputtered on the scale surface. A low acceleration voltage
together with a low working distance between the SEM detector and the sample surface was used to enable
the SEM investigation. Figure 5.10 shows the time-lapse of a micro-needle manipulating the micro-fibril
structures on the scale surface.

Using the micro-needle scratching against the micro-fibrils on the scale surface (Figure 5.10 a), the fibrils
were found to remain at their original position and the fibril tips were not movable. Further placing the
micro-needle beneath the scale bottom surface and subsequently lifting the scale caused the surface bending
(Figure 5.10 b). In this case, the micro-fibril structures on the surface should endure a considerably large
bending force. If the micro-fibrils were flexible, the movement of the fibril tips would be observed during
this bending process. However, from Figure 5.10 b) no evidence shows that the fibril tips are flexible.
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5 Friction anisotropy caused by step structures on snake and sandfish scales

Therefore, it can be concluded that, at least on the molted snake scales, the micro-fibrils are not movable
but fixed, and the step heights at the fibril tips are not adjustable.

Despite this, it has to be mentioned that all the investigations above were conducted on the molted scales
of snakes. Although no extra treatment was applied, the scales were used for examination at least several
months after being molted from the corresponding snakes. Thus, the loss of water or other fluids with time
may reduce the flexibility of the micro-fibrils on such molted scales. However, the same measurements on
a living animal are not applicable due to the requirement of a vacuum condition for SEM investigation,
which is not suitable for a living snake. Further examinations of the flexibility of the micro-fibrils on a
“fresh” snake integument are highly recommended.

Figure 5.10: Time-lapse of the micro-needle manipulation experiments. Ventral scales of N. atra were checked. The whole manipu-
lating process was observed with a SEM. No sputtering was conducted on the sample surface. (a) Micro-manipulator
scratches against the micro-fibrils on the sample surface. No visible change or movement was found on the fibril struc-
tures. (b) Using the same manipulator lifting and pushing the scale from its side makes the surface bend. Similarly, no
flexible micro-fibrils were observed. For both cases, 10 s of manipulation were shown.

5.4.3 Distribution of step height and friction performance along
snake bodies

Since no evidence was found for the assumption that the micro-fibrils are movable under the control of
snakes, another possible feature, which snakes might have, is suspected. They might carefully organize
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5.4 Friction anisotropy performance along snake bodies

various magnitudes of step height along their body to achieve diverse friction anisotropy in different seg-
ments. To check this, an investigation of the distribution of the step heights along a snake’s body was
conducted to describe the frictional performance on different sections of the ventral snake scales. The re-
sults are summarized in Figure 5.11. The step heights are indicated by the red bars and their specific values

are evaluated at the left axis.
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Figure 5.11: Distribution of the step height and friction coefficient along three snake’s bodies. The averaged step heights (red bars)
as well as their corresponding frictional coefficients for scanning upward the steps (black square markers) and down-
ward the steps (blue triangle markers) on the ventral scales along the body of snake (a) N. atra, (b) S. diadema, and (c)
P. guttatus are presented. The snout and tail end of the snakes are represented by the “0” and “1” position in the graph,
respectively. 11 segments were evenly divided on each snake body and 50 different step heights were measured in each
section. The step height values in each section were averaged and plotted. Their statistical errors were also calculated.
Comparably large step heights and upward friction coefficients were observed on the middle section of all the investi-
gated snakes. It is also interesting to note that at the far end of the snake tail locates extremely large step heights which
were shown as high ridges at the fibril tips on the nanoscale.

Three snake species including N. atra, S. diadema, and P. guttatus were examined. On each snake 11 seg-
ments from the snout to the tail end were evenly selected for characterization. 50 different step heights in
each divided section were measured and averaged to the values presented in Figure 5.11. The error bars
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5 Friction anisotropy caused by step structures on snake and sandfish scales

represent the statistical errors. It is interesting to note that the step height distributes very similarly along
the body of the three investigated species. The step heights on the middle section of each snake are consid-
erably larger than those on the other areas except the tail end where exhibits the largest values. Furthermore,
the averaged step heights in the anterior area (the first three sections) and the posterior area (except the far
end of the tail) are very approximated. This outcome indicates that snakes (at least the investigated species)
exploit a universal but well-designed distribution of step heights along their body for the control of friction
anisotropy during locomotion.

In addition, the distribution of the frictional coefficients for scanning upward the fibril step (corresponding
to snake backward motion) along the body of the three snake species was also analysed. The results are
shown by the solid square markers (values indicated by the right axis) in Figure 5.11. Coinciding with the
results in Chapter 5.4.1, the distribution of this type of frictional coefficients manifests a similar trend as
their corresponding step heights. The comparably large step heights on the middle section of snake bodies
cause relatively large friction coefficients in the direction of snake backward motion. The largest frictional
value locates at the far end of the tail. The results in the other areas are all smaller. The friction coefficients
for downward scans (blue triangle markers in Figure 5.11), however, are considerably lower and nearly
independent of the step height. As a result, the friction anisotropy shows a similar distribution pattern as
the upward friction coefficients along the snake body.

Consequently, snakes are equipped with relatively large step heights in their middle section to generate
high friction anisotropy for the aim of enhancing traction forces during locomotion or to prevent slipping
when performing climbing behaviours. One can also note that the extremely large step heights at the tail
end induce even more significant friction anisotropy. Nonetheless, the tail of snakes is commonly consid-
ered as an anchor during snake’s locomotion, which does not involve in the generation of traction or braking
forces. A previous study of Jayne et al. reported that the most distal portion of the tail neither improves nor
inhibits speed of terrestrial lateral undulation of the snake Thamnophis sirtalis [172]. Thus, the noticeable
friction anisotropy found at snake tail might not have an actual function.

Moreover, the overall averaged step height on the leading half of snake body (anterior half) is smaller than
that on the trailing half (posterior half). This also leads to a frictional difference between these two sections
along snake body. Snakes can generate more significant friction anisotropy on their trailing half for traction.
This outcome confirms the results from Abdel-Aal et al. who measured the distribution of friction coeffi-
cients and friction anisotropy on a Python regius by a bio-tribometer with a 40 mm diameter probe [52].
Therefore, it can be concluded that the micro-fibril structures with nano-steps on the ventral scales enable
snakes to achieve friction anisotropy in locomoting directions. Besides this, an even more genius ability of
them is that the step height inhomogeneously distributes along the snake body in a well-designed way to
optimize their frictional performances during sliding. Recent studies [31, 32, 67, 68] with euthanized snakes
evaluated friction coefficients when the whole snake body slides down a slope. The results also reveal
frictional anisotropy in snake forward and backward motions, which coincides with our study. However,
this type of measurement cannot show the variation of friction anisotropy in different segments of a snake
body. Our results will be of great importance for the simulation of snake’s locomotion and also for the
development of snake-shaped robots [173-175].

5.5 Artificial polymeric surface with variable friction
anisotropy

Finally, another artificial polymeric surface, which can show variable friction anisotropy in its different
sections, is fabricated using the soft lithography technique described in Chapter 2.4.2. First, six pieces of
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scales were picked from the head, middle, and tail section of snake N. atra (i.e. two pieces in each section,
respectively). After that, the collected scales were accordingly stitched and fixed on a silicon wafer by a
liquid glue (LOCTITE® 401, Henkel Adhesives). The stitched scales were finally replicated onto a NOA
88 surface via a PDMS mold. Due to the variation of the fibril step height as well as its induced friction
anisotropy along the snake’s body, the resulting polymeric surface accordingly exhibits micro-fibrils with
a different step height and therefore, diverse frictional anisotropy in different sections. Figure 5.12 shows
a photo of the polymeric replica and the AFM characterized step height and friction anisotropy in each
section. The markers “1” - “6” in the photograph represent the six sections on the replicated surface, which
corresponds to the original six pieces of snake scales, respectively. Among them, sections “1” and “2” are
replicated from scales near snake head, sections marked by “3” and “4” are from snake middle section, and
the last two sections (“5” and “6”) are from snake tail. The characterized step height and friction anisotropy
in each section are displayed in the last two panels at the bottom. A similar increasing trend is observed for
step height and friction anisotropy with the section ranging from “1” to “6” (see the dashed lines in the last
two panels). This means that the replicated polymeric surface shows increasing friction anisotropy along
the scale stitching direction (from head to tail).

Step height (nm)

Friction anisotropy

Scale number

Figure 5.12: An artificial polymeric surface with variable step height and friction anisotropy in different areas. Six pieces of snake
scales were stitched and replicated onto a NOA 88 surface. The top panel shows a schematic snake indicating the
direction of the scales stitching. The photograph in the second panel shows the resulted polymeric surface on a glass

67



5 Friction anisotropy caused by step structures on snake and sandfish scales

slide. The numbers “1” - “6” in the photo represent the section replicated from the corresponding snake scale. Sections
“1” and “2” are replicated from head scales; “3” and “4” are from the middle section; “5” and “6” are from the snake
tail. The step height and friction anisotropy on each section were characterized by AFM and presented in the last two
panels at the bottom. Five different positions were measured in each section. The averaged values and their correspond-
ing statistical errors were calculated and plotted. The dashed lines reveal that the step height as well as friction anisot-
ropy on the replica surface increase from section “1” to section “6” (head to tail).

Furthermore, other desired anisotropic frictional performances can be also achieved by applying various
types of stitching scheme, i.e., different arrangements of the fibril step height in different surface sections.
This will allow researchers to design and fabricate dedicated surfaces which can feature friction anisotropy
with intended directions and magnitudes. Besides this, further replications on low friction surfaces such as
metals or ceramics will be of high interest. Due to the comparably large “natural” friction coefficient of the
polymer (more than 0.4 for NOA 88, see Figure 5.7 b), the friction anisotropy on the current replica surface
is not very significant (around 3.6 at maximum, see Figure 5.12) if compared to a real snake scale (nearly
15 at maximum, see Figure 5.8 b). Therefore, a larger friction anisotropy effect can be expected by embed-
ding nano-steps on metal or ceramic surfaces, which will also be more applicable for engineering tasks.

A shortened version of this chapter was published as the article [176] “Variation of the frictional anisot-
ropy on ventral scales of snakes caused by nanoscale steps”, by Weibin Wu, Shudong Yu, Paul Schreiber,
Antje Dollmann, Christian Lutz, Guillaume Gomard, Christian Greiner and Hendrik Holscher, Bioinspi-
ration & Biomimetics, 15, 056014 (2020).
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6 Snake-inspired, tunable friction
anisotropy surfaces based on
shape memory polymers

The ventral scales of snakes are decorated with oriented micro-fibril structures, which feature nanoscale
steps at the fibril ends, to achieve friction anisotropy. Moreover, the step height at the micro-fibril ends as
well as the induced friction anisotropy are variable along the snake’s body, displaying a general pattern
among different snake species. This interesting characteristic enables snakes to optimize friction and as a
result, to travel more efficiently during locomotion. According to the results in Chapter 5, the fundamental
principle of snakes controlling anisotropic friction relies on the varying step heights at the micro-fibril ends.
A larger step height leads to larger friction anisotropy. Thus, it will be interesting to fabricate an intelligent,
micro-fibril structured surface with changeable step height at the fibril end for the aim of realizing tunable
friction anisotropy, e.g., replicating the micro-fibril structures onto a shape deformable material will have
a great potential in applications which demands unidirectional friction performance.

In this chapter, shape memory polymers (SMPs) are introduced as substrate for such a replication. As al-
ready mentioned in Chapter 2.2.2, SMPs are able to change their shape from a temporarily programmed
shape to a predefined permanent shape upon certain stimulus. With this fabulous ability, a snake-inspired
SMP surface, which can transit reversibly between friction isotropy and anisotropy through the control of
the step heights at the fibril ends, was fabricated by replicating the micro-fibril structures from ventral snake
scales to SMPs via hot embossing. The shape-changing capability of the step height and of the friction
anisotropy was characterized by AFM. Furthermore, the long-term stability (working time) and reusability
(programming cycles) of the surface were also analyzed. Finally, an application of using the snake-inspired,
tunable friction anisotropy SMP surface as a self-cleaning platform for unidirectional transport of granular
particles is presented.

6.1 Snake-inspired SMP surfaces with switchable
topography

The design concept of the snake-inspired, tunable friction anisotropy SMP surfaces is to exploit the shape-
changing capability of the SMP to control the step height of the micro-fibril ends and consequently to
control the friction anisotropy on the surface. The micro-fibril structures of ventral snake scales were rep-
licated onto the SMP surface as a permanent shape and then the surface was flattened into a temporary
shape leading to a surface with no apparent micro-fibril structures. Both processes were conducted via hot
embossing but with different embossing plates, temperatures, and pressures. To replicate the micro-fibril
structures onto SMP surface, a mold insert (Nickel shim) with the negative of the desired pattern was fab-
ricated beforehand by electro-plating (see Chapter 2.4.3). To flatten the structures, a flat embossing plate
was used. For the SMP surface in its temporarily flattened shape, once upon heating, the micro-fibril struc-
tures will gradually recover onto the surface exhibiting tunable step height as well as tunable friction ani-
sotropy. Figure 6.1 illustrates the procedure of fabricating the Nickel shim, replicating the micro-fibril
structures onto a SMP surface, programming the structured surface into a temporarily flattened shape, and
the recovery of the micro-fibril structures on the surface, respectively.
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Figure 6.1: Procedures of defining, programming, and recovery of the SMP surfaces. In each sub-image, the left side shows the
photos of the snake, Nickel shim as well as the SMP surface in its different states. The right side displays their corre-
sponding SEM image revealing the respective topography of each surface. (a) A Chinese cobra (N. atra) in its natural
habitat. The enlarged SEM image shows the oriented micro-fibril structures on its ventral scale. (b) A Nickel mold insert
electroplated from a small, rectangular shaped ventral N. atra scale. It contains a negative pattern of micro-fibril struc-
tures observed by SEM. (c) The mold insert is pressed into the melt SMP by hot embossing and after cooling down a
half-opaque, rectangular area on SMP surface, which is imprinted from (b), is produced. Similar micro-fibril structures
as in (a) are imaged in this area indicating good replication quality. (d) After a flattening process, the rectangular area
disappears and the whole SMP surface turns into transparent suggesting that the micro-fibril structures are significantly
smoothed. The SEM image on its right side confirms this. (e) Further heating the SMP under a temperature of 55 °C
causes the recovery of micro-fibril structures (half-opaque rectangular area) on the polymer surface. Both the appearance
(see the photo) and micro-structures (see SEM image) in this state are very similar to its original state in (c). Flattening
and heating process can be reversibly cycled allowing the SMP surface to switch its topography between the state shown
in (d) and (e) for many times.

Ventral scales of the Chinese cobra (Figure 6.1 a) were selected as the biological template for replication
as higher nano-steps and larger friction anisotropy at the micro-fibril ends were characterized on the ventral
scales of this snake than the other snakes (see Chapter 5). The snake scales were cut into small pieces
(around 10 mm x 7 mm) and glued onto the surface of a silicon wafer for Nickel plating (see Chapter 2.4.3).
After the plating process, a mold insert with a negative micro-fibril pattern was obtained (Figure 6.1 b).
Then the mold insert was pressed into the melt SMPs by hot embossing with 12 kN embossing forces and
155 °C embossing temperature. With this step and by subsequently cooling down to room temperature, the
permanent shape of SMP surface embedded with replicated micro-fibril structures was successfully defined
(Figure 6.1 c). To program a temporary topography with no apparent micro-fibril steps, the defined perma-
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nent shape SMP was further hot embossed with a flat plate under 8.5 kN embossing forces and 55 °C em-
bossing temperature. Subsequently cooling down to room temperature, a temporarily smooth, unstructured
SMP surface was obtained (Figure 6.1 d). Finally, placing the flattened SMP on a hot plate (T = 55 °C)
released the inner forces and the polymer recovered the structured shape (Figure 6.1 e), which is similar to
its original shape in Figure 6.1 c). Moreover, this recovered SMP surface can be further reprogrammed into
the temporary state and then switched back to its structured shape for many cycles.

During this procedure, the topography of each surface was also examined by SEM. Micro-fibril structures
on snake scale (Figure 6.1 a) together with their negative pattern on the Nickel shim (Figure 6.1 b) were
clearly observed. The replicated micro-fibril structures on SMP surface (Figure 6.1 c) are indistinguishable
from those on snake scales in both shape and size, which shows the excellent quality of the replication.
After being flattened the micro-fibril structures nearly vanished in the temporary state (Figure 6.1 d). Fur-
ther heating the SMP the micro-fibril structures reappeared again (Figure 6.1 e) and the surface shows no
difference to its original state. Meanwhile, it is also possible to predict the existence of the micro-fibril
structures by the transparency of the SMP surfaces. On both original and recovered state of SMP, a rectan-
gular, half-opaque area was observed, which corresponds to the shape of Nickel shim. On the temporarily
flattened surface, however, this area is not visible and the surface exhibits homogeneous transparency. The
reduction of the fibril step height leads to the increase of the transparency on the flattened surface.

6.2 Wetting properties of SMP surfaces

The wetting performance of the SMP surface was first investigated. Besides the snake-inspired SMP sur-
face, a flat plate embossed SMP surface was also introduced as a reference, aiming to figure out the influ-
ence of the micro-fibril structures on the wetting performance of the surface. Furthermore, the SMP surface
might show different wettability in its different states. Thus, the three topographical states (original shape
after replication, temporarily flattened shape, and recovered shape) of both surfaces were examined, re-
spectively. Figure 6.2 shows the resulting equilibrium water contact angles on these SMP surfaces.

Original state Temporary state Recovered state
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Figure 6.2: Equilibrium water contact angle on the structured and flat SMP surfaces. The results on the micro-fibril structured SMP
surface are shown in the top line. The bottom line shows the results on the flat SMP surface. On both surfaces the original,
temporarily flattened, and recovered state were investigated, respectively. The droplet volume was 1 pL.
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The top line of Figure 6.2 displays the results on different states of the snake-inspired SMP surface. First,
on the surface directly embossed from the structured mold insert (original structured state), the equilibrium
contact angle was measured as about 111°. Interestingly, after being flattened into its temporary state, the
surface showed an equilibrium contact angle of only around 80°. Subsequently, heating the surface on a hot
plate (T = 55 °C) leads to a recovery to the structured surface again. The contact angle on the surface
increased back to 106°. This phenomenon suggests inverse wetting performances (i.e. hydrophobicity and
hydrophilicity) between the structured and flattened states of the SMP. Two reasons can be imagined to
explain this. On the one hand, the micro-fibril structures on the original state were flattened when the sur-
face was programmed into the temporary state, which might reduce the contact angle on the surface. Once
the micro-fibril structures came back (i.e. the surface topography switched to the recovered state), the con-
tact angle also increased back. On the other hand, temperatures and pressures were applied to the SMP
surface during the flattening (programming) process, which changed the energy conformation state of the
polymer chains and might have reduced the contact angle on the surface. Once heating the polymer, the
contact angle increased back with the recovery of the energy state. Thus, to further understand this, the
same contact angle measurement was also conducted on a flat plate embossed SMP surface and the results
are shown in the bottom line of Figure 6.2.

One can observe that the same effect as for the structured SMP surface was found on the flat plate embossed
SMP surface, i.e., the surface is hydrophobic in the original (equilibrium contact angle is 103°) and recov-
ered (100°) state, but it is hydrophilic in the temporary state (77°). The same flat plate was utilized to define
the original state and to further program the temporary state, while the embossing forces and temperatures
for these two states are different (same as the corresponding settings for the structured SMP surface in the
top line). Hence, the difference of the wetting performance of these two states will be mainly caused by the
variation of the surface chemistry. This means that a flat SMP surface without micro- or nanostructures can
also behave inverse wetting properties switching between hydrophobic and hydrophilic regarding to its
different states. Furthermore, it is also interesting to note that the contact angles on the flat plate embossed
SMP surface (bottom line) are all slightly smaller than that on the snake-inspired SMP surface (top line). It
seems that the micro-fibril structures can moderately enhance the hydrophobicity. Additionally, one can
also see that the contact angle values of 111° on the snake-inspired SMP surface coincide with the results
on the real snake scales (around 110° on the ventral scales of most snakes, see Table 4.2 in Chapter 4.3).

Lastly, it has to be mentioned that the above results are all equilibrium values, i.e., the contact angles are
calculated when the water droplet rests stable on the surface. However, during the measurement we also
observe that the temporary state of the SMP can absorb the water causing a reduction of the contact angle
with time. The original and recovered state of the surface do not show the same property. To further inves-
tigate the water absorption of the SMP, the contact angle was measured on the three states of a flat SMP
surface during a time period of 5 s. Figure 6.3 shows the time-lapse of the contact angle variation on each
surface. On the original and recovered state, the measured contact angle was stable at their specific value
(103° and 100°, respectively) within the investigating time. On the temporary state, however, once the water
droplet was placed on the surface, the initial contact angle was around 84° at 0.2 s and then the value
gradually reduced to 77° after 5s. Both the original state and temporary state of the SMP surface were
achieved with the same flat plate by hot embossing. For defining the original state, the embossing forces
and temperatures were 12 kN and 155 °C, while for the programming of the temporary state the parameters
were 8.5 kN and 55 °C, respectively. The temporary state of SMP surface shows an unstable wetting per-
formance with decreasing contact angle with time, which might be caused by the variation of the energy
state of the polymer chains in SMP.
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Figure 6.3: Time-lapse of a water droplet on the three states of a flat SMP surface. The SMP was embossed with a flat plate by the
same procedure as in Figure 6.2. The contact angle on each surface was measured during a time period of 5 s. The droplet
volume was 1 pL.

Recovered state

6.3 In situ step height and friction anisotropy evolution
during the recovery of the flattened SMP surface

In this chapter, the step height as well as the friction anisotropy at the micro-fibril ends during the recovery
process of the snake-inspired SMP surface from its temporarily flattened state to the recovered, structured
state were characterized by AFM. The tunable friction anisotropy ability of the snake-inspired SMP surface
is demonstrated and its shape-changing capability in terms of tuning the step height and friction anisotropy
is calculated.

6.3.1 Topography and step height characterization

Figure 6.4 shows the topography image as well as a topographical line section across the fibril ends of a
snake-inspired SMP surface in its flattened, intermediately recovered, and fully recovered state. The whole
measurement was conducted in situ by an AFM which is originally equipped with a temperature-controlla-
ble heating stage. For each image, the scanning size was set to 10 um x 10 um. The SMP surface was
replicated with the micro-fibril structures and then programmed into the temporarily flattened state by hot
embossing. After that, the flattened SMP was placed on the heating stage of the AFM. The first measure-
ment was applied to this flattened surface without any heating and a topography image of Figure 6.4 a) was
obtained. Next, the heating stage was turned on with a temperature of 55 °C and the topography images
were recorded with time steps of some seconds. After about 200 s, the micro-fibril structures were fully
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recovered. Figure 6.4 b) and c) show the results after the heating time of 10 s and 200 s leading to an inter-
mediately recovered and a fully recovered surface, respectively. From the topography images, it can be
seen that during the whole recovery process, the shape of single fibrils on SMP surface remains unchanged.
Their size (both length and width), however, reduces slightly indicating an increase of the step height at the
micro-fibril ends.
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Figure 6.4: AFM images showing the topography evolution of a snake-inspired SMP surface during heating. The recovery of a
temporarily flattened SMP surface to its permanent, micro-fibril structured surface over heating time was recorded. (a)
The micro-fibril structures of a SMP surface were flattened by a flat plate with hot embossing and imaged by AFM
before applying any heating. A topographical line section along the red arrow crossing the fibril ends in the AFM image
is shown in the bottom panel, which indicates that the step height at the fibril tips is less than 6 nm. (b) Applying the
heating for 10 s, an intermediate state before full recovery, with a step height of about 30 nm at the fibril tips was imaged.
The AFM measurement was conducted in situ at the same position of the surface during the whole heating process. (c)
After about 200 s heating time, the topography image and line section crossing the same fibril ends reveal that the step
height at the fibril tips increased to almost 60 nm leading to the full recovery of the SMP surface.

The bottom panel of each image in Figure 6.4 shows the topographical line section along the red arrow in
the upper AFM image, which scans longitudinally across the micro-fibril structures demonstrating the step
height at the fibril ends. On the flattened SMP surface before applying any heating, a nearly flat line section
over the 10-um scanning range was observed (Figure 6.4 a). The step height at the fibril ends was charac-
terized as less than 6 nm. After being heated for 10 s on the AFM heating stage (T =55 °C), the correspond-
ing line section across the same fibrils showed three significant nano-steps at the fibril tips. Their step
height increased to more than 30 nm (Figure 6.4 b). Continuously heating the SMP until about 200 s and
AFM imaging at the same position revealed that the nano-steps at the fibril ends were even higher with a
height of almost 60 nm (Figure 6.4 c). Thus, the snake-inspired SMP surface features micro-fibril structures
with tunable step height at their fibril ends, which can achieve desirable step height by simply heating the
surface for certain time.

More specifically, Figure 6.5 shows the step height at one micro-fibril end (indicated by “p” in the AFM
image in Figure 6.4) plotted as a function of the heating time during the SMP recovery process from Fig-
ure 6.4 a) to c). A logarithmic growing process similar to the description in [127, 177] was observed. An
initial step height of 5.9 nm was measured, which corresponds to Figure 6.4 a). Once starting heating the
surface, the step height increased precipitously to 55.0 nm within around 50 s. After that, with the heating
time increasing, the growth of the step height was significantly slow down and finally reached a value of
58.7 nm after 200 s heating. Therefore, regarding the deformation of the step height, a shape-changing
capability of about 1000% was achieved on the snake-inspired SMP surface, i.e., it can switch its topogra-
phy from a comparably flat surface to a highly structured surface with apparent nano-steps upon a heating
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stimulus. This tunable step height capability also suggests great potential of tuning friction anisotropy,
which will be characterized in the next section.
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Figure 6.5: Step height evolution on SMP surface during a 200 s lasting heating process. The step height at the second fibril end
indicated by “p” in the AFM image in Figure 6.4 was examined.

6.3.2 Friction anisotropy characterization

According to the results in Chapter 5, friction anisotropy is closely related to the step height at the micro-
fibril ends on ventral snake scales. Hence, the excellent step height tuning performance of the snake-in-
spired SMP surface also implies a fabulous ability of tuning friction anisotropy. Similar to the frictional
analysis of the snake scales demonstrated in Chapter 5, the friction anisotropy for a sharp AFM tip scanning
upward and downward the nano-step of the micro-fibril end was examined on the snake-inspired SMP
surface. During the step height characterization, an in situ measurement of the friction anisotropy at the
second fibril step (indicated by “p” in Figure 6.4) during the SMP surface recovery process (from Fig-
ure 6.4 a to Figure 6.4 c) was conducted. The results are summarized in Figure 6.6.
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Figure 6.6: Friction loop and friction anisotropy evolution during the recovery process of the snake-inspired SMP surface. (a) Fric-
tion loops of a sharp AFM tip scanning the nano-steps up and down along the red arrow indicated in Figure 6.4. The
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results of scanning on the flattened surface (corresponding to Figure 6.4 a) and on the fully recovered surface (Fig-
ure 6.4 c) are shown. The normal load was set to 803 nN. For all the three nano-steps at the fibril ends, when the AFM
tip scans upward the step (trace), the frictional increase on the recovered surface (after 200 s heating) is much larger than
that on the flattened surface (before heating). However, when the AFM tip steps downward (retrace), the frictional in-
crease on both surfaces are almost equivalent. This suggests that the friction anisotropy on the recovered surface is more
significant than that on the flattened surface. (b) Friction anisotropy plotted as a function of the step height during the
recovery process of the snake-inspired SMP surface from Figure 6.4 a) to c) during 200 s heating time. Corresponding
values from the second fibril end indicated by “p” in Figure 6.4 were plotted in the graph.

Friction loops of the AFM tip scanning in the opposite directions of stepping up- (trace direction) and
downward (retrace direction) the micro-fibril steps along the red arrow indicated in Figure 6.4 are demon-
strated in Figure 6.6 a). Results on the flattened surface (corresponding to Figure 6.4 a) and on the recov-
ered, structured surface (Figure 6.4 c) are plotted in red and black, respectively. The normal load applied
on both surfaces was kept constant as 803 nN. The SMP surfaces show similar friction loop as ventral snake
scales (see Chapter 5.3.1). Significant frictional increases (peaks) were observed on both SMP surfaces
when the AFM tip scans upward and downward the nano-steps of the micro-fibril ends. The frictional
increase for the AFM tip upward the step is much larger than that for downward direction. The black arrows
in Figure 6.6 a) marked the case at the second fibril step. However, during the AFM tip scanning on the
terraces of the micro-fibrils (non-step area), the frictional signals were relatively flat. All these results
demonstrate that the snake-inspired SMP surface shows the same frictional effect (i.e. friction anisotropy)
as ventral snake scales at their micro-fibril steps.

Furthermore, comparing the frictional increase at the same fibril step between the flattened surface and the
recovered structured surface (red and black peaks in Figure 6.6 a), the peak for upward the step on the
recovered surface is much higher than that on the flattened surface even though the normal load applied on
both surfaces was the same. However, for the tip downward scanning, the frictional increases on these two
surfaces are very equivalent. This outcome suggests that the recovered structured SMP surface (Fig-
ure 6.4 c) shows more noticeable friction anisotropy than the temporarily flattened surface (Figure 6.4 a).
The higher nano-steps at the micro-fibril ends on the recovered structured surface lead to larger friction
anisotropy if compared to the flattened surface.

Similar to the frictional analysis in Chapter 5, increasing the normal load on the surface and recording the
frictional increase at the friction peak result a linear increase relationship. The friction coefficients for the
AFM tip scanning upward and downward the nano-steps can be acquired by calculating the slope of this
linear increase [72]. Friction anisotropy is calculated by the same method as in Chapter 5 (the friction
coefficient for the AFM tip upward a step divided by that for downward scan) in order to quantitatively
analyze its evolution on the surface during the SMP recovery process. The friction anisotropy at the second
fibril step (marked by “p” in Figure 6.4) was plotted as a function of its step height during the recovery of
the temporarily flattened surface to its recovered structured surface over heating time. The results are sum-
marized in Figure 6.6 b). During 200 s heating process, with the step height increasing from nearly 6 nm to
almost 60 nm, the friction anisotropy increased almost linearly from 1.35 (on the temporarily flattened
surface in Figure 6.4 a) to 3.84 (on the recovered structured surface in Figure 6.4 c), realizing a nearly 300%
friction-anisotropy-changing capability.

Therefore, the snake-inspired, topography switchable SMP surface can achieve a function of tuning friction
anisotropy from a nearly isotropic friction to a considerably anisotropic friction by controlling the nano-
step height at the micro-fibril ends. Besides this, the snake-inspired SMP surface is also able to be reversibly
switched between the structured and flattened topography for many cycles via heating or flattening process,
making it an intelligent, tunable friction anisotropy element. Another even more fascinating ability of this
smart surface is that the recovery of SMP can be intentionally interrupted by abruptly terminating the heat-
ing stimulus and cooling down to room temperature at any arbitrary time, which will create a surface with
appropriate step height and ultimately lead to desirable friction anisotropy on the surface.
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6.4 Long-term stability and reusability

6.4.1 Long-term stability

As a temperature sensitive element, the snake-inspired SMP surface should enable a long, and stable work-
ing time as long as the surrounding temperature is well controlled within the required ranges. Here, we call
this type of requirement long-term stability. For such a friction anisotropy tuning element with micro-fibril
structures, the long-term stability of the step height at the fibril ends is a crucial parameter. Moreover, this
time dependent stability should also be effective on the different SMP states. Thus, in this section, the long-
term stability of the nanoscale fibril step height on four different states of the snake-inspired SMP surface
was examined. Samples of an original structured surface directly from replication, a temporarily flattened
surface, a partly recovered surface, and a fully recovered structured surface were weekly monitored over a
time period of three months.

For the preparation of these tested samples, first, the same Nickel shim (Figure 6.1 b) was utilized to press
into the SMPs by hot embossing. The embossing temperature and forces were kept consistent (155 °C &
12 kN) during the replication process (from Figure 6.1 b to c). In total, four SMP samples were replicated
with micro-fibril structures on their surface. Among them, the first sample (original structured surface) was
directly obtained after embossing while the other three were further flattened by a flat plate (55 °C &
8.5 kN). One of the flattened SMP surfaces was kept as the second tested sample. After that, the left two
flattened samples were placed on the hot plate (55 °C) for 10 s and 200 s. Subsequently cooling down leads
to a partly recovered surface (the third sample) and a fully recovered structured surface (the fourth sample),
respectively. All the four samples were stored in a fridge (4 °C) and measured at room temperature, which
are both well below the switching temperature (Tswyitch) Of the SMPs.
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Figure 6.7: Long-term stability of the step height on the snake-inspired SMP surfaces. The step heights on four SMP surfaces in-
cluding an originally structured, a temporarily flattened, an intermediately recovered, and a fully recovered structured
surface were examined by AFM over 12 weeks. The temperature was well controlled below Tgiten during the storage and
measurement of all samples. Each data point in the graph was averaged from 40 values at five different positions and the
corresponding error bar represents the statistical error. The dashed lines represent the overall averaged step height of
each data set (SMP sample) over 12 weeks.

The averaged step height on each sample surface was weekly checked by AFM over a time span of 12
weeks. The results are summarized in Figure 6.7. On each sample, five different positions were examined
and at each position eight random step heights were characterized. Thus, every data point in Figure 6.7 was
averaged from 40 measured values. Their corresponding statistical error was calculated and plotted. It can
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be seen that on each sample the averaged step height varies very gently over the investigating time, i.e., the
step height on the SMP surface is stable on any arbitrary stage of its shape changing period (e.g. original
state directly from replication or any intermediate state of its flattening/recovery cycle) as long as the tem-
perature is well controlled below Tgyicch. The snake-inspired SMP surface possesses remarkable long-term
stability. Moreover, the overall average value of the step heights on each individual sample over 12 weeks
was calculated and accordingly plotted as the dashed line in Figure 6.7. For the original structured surface,
the averaged step height is 41.5 nm, while the temporarily flattened sample shows an average value of only
6.6 nm. The results for the partly recovered surface (heating 10 s) and the fully recovered surface (heating
200 s) are 19.0 nm and 38.9 nm, respectively. The calculated average step heights on the fully recovered
surface and the original surface are very approximated to each other, revealing the excellent, nanoscale
shape-memory and -recovery ability of the snake inspired SMP surface.

6.4.2 Reusability

Equally important as long-term stability is the reusability which represents the number of the possible pro-
gramming/recovery cycles of the SMP surface. It is another indispensable characteristic for a smart, friction
anisotropy tuning device. A high reusability allows the same SMP surface being repeatedly used for many
times (cycles), which will greatly reduce the fabrication cost and improve the applicability. Thus, in this
section, the flattening/recovery cycle was repeatedly applied to a snake-inspired SMP surface for several
times to evaluate its reusability. After each flattening or recovery process, the step heights of the micro-
fibril ends on the surface were examined by AFM. A new fabricated snake-inspired SMP surface was tested
with 11 subsequent flattening/recovery cycles. The step heights on the flattened surface as well as its cor-
responding recovered structured surface in each cycle were characterized at five different positions. Eight
different nano-steps were measured at every position. The averaged step heights and their corresponding
statistical errors are summarized in Figure 6.8.
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Figure 6.8: Reusability of the snake-inspired SMP surfaces with programming cycles. Fibril step heights on the same SMP surface
switch regularly between around 5 nm and 40 nm during 11 consecutive flattening/recovery cycles. Each data point in
the graph was averaged from 40 measured values at five different positions and the corresponding statistical error was
shown. The dashed lines represent the overall average step height on the flattened surface (red) and the recovered struc-
tured surface (black), respectively.

In each flattening/recovery cycle, the nano-step at the micro-fibril ends was programmed into about 5 nm
height on the flattened surface and then fully recovered to nearly 40 nm height with sufficient heating time
(300 s). The same performance was observed in all the flattening/recovery cycles. More valid cycles can
be also expected. Thus, the snake-inspired SMP surface is able to tune the nano-step height at the micro-
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fibril ends with stable performance for at least 11 effective working cycles, revealing excellent reusability.
In this case, it can be concluded that the friction on the snake-inspired SMP surface can be well controlled
to reversibly transit between near isotropic and significant anisotropic through tuning the step height at the
micro-fibril ends, and this tunable ability also enables a long, stable working time as well as several reliable
flattening/recovery cycles.

6.5 Application of the snake-inspired SMP surfaces

The snake-inspired SMP surface was characterized to be an excellent tunable friction anisotropy element
with the ability of switching between nearly isotropic and comparably anisotropic friction along the micro-
fibrils. The surface with such special features can be potentially used in applications which demands uni-
directional transport of micro-particles such as dry self-cleaning coatings without any liquid. Besides this,
the fabulous long-term stability and reusability of the surface also allow it to be an ideal device in industrial
implementations. Therefore, in this section, transportation experiments of granular particles unidirectional
moving on the snake-inspired SMP surface were performed.

6.5.1 Experimental setup

Figure 6.9 shows the photos of the whole setup used for the transportation experiments. PDMS micro-
spheres (100 pm - 200 um diameter) and sea sand particles (100 um - 300 um diameter) were transported,
respectively. The snake-inspired SMP surface was employed as a substrate to unidirectionally transport
these granular particles through a random vibration. Besides this, a real ventral snake scale (N. atra) was
also introduced as a reference. The movement of the granular particles on the substrate was observed with
a microscope.
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Figure 6.9: Setup for the micro-particle transportation experiments. A vibrating motor was utilized to randomly shake the snake
scale or the snake-inspired SMP surface. PDMS spheres, which are 100 um - 200 um in diameter, were used for trans-
portation. The whole setup was observed with an optical microscope and the movement of the microsphere was tracked
and recorded by a visualizing monitor.
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First, the snake scale or SMP surface was glued on a piece of silicon wafer with a double-sided adhesive
tape (Fotostrip, Tesa® AG, Germany). This is conducted for the aim of keeping the substrate surface as flat
as possible to minimize the influence of the surface curvature during the transportation of micro-particles.
Subsequently, the snake scale as well as the snake-inspired SMP surface was sputter-coated with a 10 nm-
thick, homogeneous silver layer which will lead to a low surface energy in order to reduce the adhesion
forces between the micro-particles and the substrate surface. After that, the silicon wafer with the snake
scale or SMP surface on its top was fixed onto a commercial coin mobile phone vibrating motor (10 mm
diameter and 2.7 mm thickness, Brunswick Corporation, USA) with double-sided adhesive tapes. This vi-
brating motor can produce random vibrations on the surface and then exert these vibrations to the top sur-
face of the snake scale or the snake-inspired SMP. The rated voltage and current of the vibrating motor is
1.5V and 0.05 A, respectively. Next, the whole setup (i.e. the vibrating motor together with silicon wafer
and sample surfaces on top) was mounted on a glass slide and fixed under an optical microscope (ProMicron,
Germany) with a green tape (see Figure 6.9).

The vibrating motor was powered by a voltage and current adjustable power supply (E3620A, Agilent
Technologies Inc., UK) via electricity conductive wires. The microspheres used for transportation are
PDMS powder particles with their diameter in the range of around 100 um - 200 um. The micro sand par-
ticles are pure sea sand purchased from Merck KGaA, Darmstadt, Germany. The size of the micro sand
particles is around 100 pm - 300 um. The micro-particle was individually picked up and transferred onto
the surface of the snake scale or the snake-inspired SMP with a tweezer. Finally, switching on the power
supply causes the random vibration of the motor as well as the substrate surface. The movement of the
microsphere or sea sand on the substrate surface was tracked and recorded with a computer monitor which
is connected to the microscope during the experiment.

6.5.2 Microsphere transportation on the snake scale and SMP
surfaces

Figure 6.10 shows the time-lapse of unidirectional transport of single PDMS microsphere on substrates of
the snake scale and the snake-inspired SMP surface (in its different topographical states), respectively. The
substrate orientation was intentionally adjusted to allow the micro-fibrils to point towards the bottom of the
visualized image (see the inset SEM images). All the substrates were sputter-coated with a homogeneous
layer of silver. First, a piece of N. atra ventral scale was utilized as transportation substrate. The PDMS
microsphere was placed on the upper area of the surface (see images in Figure 6.10 a). Switching on the
power supply of the vibrating motor causes the substrate to shake randomly. Figure 6.10 a) displays the
movement of the microsphere on the vibrated snake scale. It can be seen that the microsphere moved direc-
tionally along the micro-fibril structures in downward the step direction (towards the image bottom) for
about 0.42 mm within 14 s vibrating time. This phenomenon also coincides with the results of the frictional
characterization on N. atra ventral scale in Chapter 5.3.1. The significant friction anisotropy along the mi-
cro-fibrils causes the microsphere unidirectionally travelling in downward the step direction on the surface
of ventral snake scales.

Next, the same experiment was also conducted on an original structured SMP surface which was directly
replicated from N. atra ventral scale via hot embossing. The movement of the microsphere on this surface
is summarized in Figure 6.10 b). A similar unidirectional motion along the micro-fibrils in downward the
nano-step direction was observed, while only 6 s were needed to transport the microsphere for the same
distance (0.42 mm) on this randomly vibrated SMP surface. This phenomenon further confirms the char-
acterization results of the friction anisotropy on the structured SMP surface in Section 6.3.2. Besides this,
it also indicates that the snake-inspired SMP surface can show as excellent friction anisotropy as a real
snake scale, making it an ideal element for engineering applications.
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Figure 6.10: Time-lapse photos of the unidirectional transport of single PDMS microsphere. Surfaces of (a) N. atra ventral scale, (b)
original shaped SMP surface with replicated micro-fibril structures, (c) temporarily flattened SMP surface, and (d)
recovered structured SMP surface were used as the substrate for transportation. The orientation of the micro-fibrils on
each substrate surface points towards the bottom of the image, as indicated in the inset SEM images. The dashed circle
in (a), (b), and (d) represents the original position of the microsphere, and the black arrow reveals its unidirectional
movement. All sample surfaces were sputter-coated with a 10 nm silver layer to reduce the adhesion between the mi-
crosphere and the surface. A random vibrating excitation was applied to the substrates for driving the microsphere to
move.

Subsequently, the original structured SMP surface was flattened into a temporarily non-structured topog-
raphy. The resulted surface was used as the substrate to conduct the same transportation experiment. The
movement of the PDMS microsphere on this surface is recorded in Figure 6.10 c). One can see that, in this
case, the microsphere moves randomly within a very small amplitude (maximum 0.1 mm) around its orig-
inal location during a vibration time of 34 s. This indicates that the flattened SMP surface behaves isotropic
friction in all directions and cannot unidirectionally transport the microsphere as on its original structured
topography.

Finally, the flattened SMP was placed on a hot plate (T = 55 °C) and heated for 300 s in order to completely
restore the micro-fibril structures on the surface. Figure 6.10 d) shows the movement of the microsphere
on the vibrated recovered, structured surface. After 13 s vibration, a distance of 0.51 mm along the micro-
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fibrils in stepping down the nano-step direction was achieved. Due to the curving of the surface during the
heating (recovery) process (see Figure 6.10 d), the transporting ability of the recovered SMP surface is not
as excellent as its original state (0.42 mm@6 s). This might be also caused by the smaller size of the utilized
microsphere in this experiment than that on the original state surface. Nonetheless, the recovered structured
surface can still feature friction anisotropy for unidirectional delivery of the microsphere. Consequently,
the concept of employing the snake-inspired SMP surface as a smart, friction isotropy/anisotropy switcha-
ble platform is proved to be feasible, which will have a great potential in applications for dry self-cleaning
or particles sorting.

6.5.3 Trajectories of microspheres

To further test the long-distance transporting capability of the snake scale as well as the snake-inspired
SMP surface, these substrates were continuously vibrated for a longer time. The movement of the micro-
sphere was monitored and tracked during the whole vibration time. The trajectories of the microsphere
travelling on the Chinese cobra ventral scale and different states of the snake-inspired SMP surface (i.e.
original replicated, flattened, and recovered) were plotted in Figure 6.11, respectively.

On the snake scale (Figure 6.11 a), the original structured SMP surface (Figure 6.11 b), and the recovered
structured SMP surface (Figure 6.11 d), the microsphere travelled an extremely long distance in Y direction
(corresponding to the direction of stepping down the micro-fibril steps). In X direction, however, the mov-
ing distance is very short, which is evaluated as the maximum distance away from its original position.
More specifically, Figure 6.11 a) shows the trajectory of a microsphere moving on ventral snake scale. The
microsphere travelled 5.50 mm in Y direction but only 0.50 mm in X direction with the substrate vibrating
for 43 s. The values are 4.30 mm and 0.26 mm for the original structured SMP surface which is directly
replicated from the snake scale (see Figure 6.11 b). The vibration time of this surface is 20 s. Figure 6.11 d)
illustrates the results on the recovered structured SMP surface. A transporting distance of 4.75 mm in Y
direction and a maximum of 0.45 mm in X direction was observed. The overall travelling time on this
substrate is 41 s. This means that the micro-fibril structures on the snake scale and SMP surfaces can con-
tinuously guide the microsphere for unidirectional movement through a random vibrating excitation.

A nearly 5 mm travelling distance was achieved on the SMP surfaces. This distance is mainly limited by
the length (along the micro-fibrils direction) of the sample surface. Due to the maximum length of single
snake scale (about 6 mm), the replication of micro-fibril structures from snake scale to SMPs can only
produce structured SMP surface in a maximum length of about 5 mm (see Figure 6.1 c¢). Thus, the largest
distance of the microsphere travelling from the top to bottom edge of the SMP surface is about 5 mm.
Longer transporting distance can be expected on larger SMP samples. However, as shown in Figure 6.11 c),
on the flattened SMP surface the microsphere did not unidirectionally travel but moved randomly around
its initial position within the range of about 0.1 mm during 37 s vibration time. This indicates isotropic
friction in all directions on the surface due to the flattening of the micro-fibril structures. As a result, the
SMP surface in this state cannot achieve the same function as in its structured state. This trajectory also
coincides with the results in Figure 6.10 c).

Therefore, the snake-inspired SMP surface behaves anisotropic friction like ventral snake scales, which is
able to achieve the transportation of a microsphere in downward the fibril step direction for nearly 5 mm.
More interestingly, the SMP surface can be also programmed into a flattened topography exhibiting near
isotopic friction in all directions on the surface, which displays no unidirectional transporting ability. Fur-
thermore, the subsequent recovery process allows the SMP surface to switch back to its structured topog-
raphy with anisotropic friction again by simply heating the surface. Such programming/recovery character-
istic makes the snake-inspired SMP surface much superior to the biological snake scale. The smart,
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6.5 Application of the snake-inspired SMP surfaces

switchable friction anisotropy capability enables the snake-inspired SMP surface an intelligent, desirable
functional platform for unidirectional delivery of micro-particles in many applications.
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Figure 6.11: The tracked trajectory of a PDMS microsphere travelling on different substrates. Surfaces of (a) N. atra ventral scale,
(b) original SMP replicated with micro-fibril structures, (c) temporarily flattened SMP, and (d) recovered structured
SMP were investigated. All sample surfaces were sputter-coated with a silver layer of about 10 nm. The microsphere
as well as its travelling time on different surfaces is different. In each trajectory, nearly 30 data points were tracked,
while the overall time interval of each tracking experiment was not the same.

6.5.4 Application for dry self-cleaning without liquids

The experiments of unidirectional transport of granular particles by the snake-inspired SMP surface imply
a potential application for dry self-cleaning. In difference to the traditional self-cleaning coatings which are
mostly based on the superhydrophobicity of the surface [178-182], the snake-inspired SMP surface achieves
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self-cleaning through a random vibration instead of water or any other liquids. Besides this, as shown in
Chapter 4.5, the ventral scales of snakes show similar spectral transmittance properties as their spectacle
scales revealing high transmittance (nearly 90%) in visible light spectrum. This means that the micro-fibril
structures do not influence the optical transmittance very much. The NOA 88 replica of N. atra in Fig-
ure 5.12 showing a transparent surface also confirms this. These advantages will be very attractive for
photo-voltaic modules in rainless areas, even though the silver coating on our current surface is not suitable
for the applications on solar cells. Therefore, an experiment of self-cleaning microspheres or micro sand
particles (sea sand, 100 pm - 300 um in diameter) on the vibrated snake-inspired SMP surface was con-
ducted. The results are shown in Figure 6.12.

Figure 6.12: Dry self-cleaning experiments on the snake-inspired SMP surfaces. Time-lapse of the movement of PDMS microspheres
or micro sand particles on two pieces of inversely orientated SMP surfaces is illustrated. The micro-fibril structures on
the left-side SMP surface point towards left, while on the right-side SMP surface the micro-fibril structures are towards
right. The left column in the figure shows the case of self-cleaning single PDMS microsphere. The middle column
shows the self-cleaning of many microspheres simultaneously. The right column is a similar experiment as the middle,
but the sea sands were used. The granular particles were initially placed on the stitching area of the two SMP surfaces
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(center of each sub-image). With the vibration exerted to the surface, both microspheres and sea sand particles were
guided to move along the micro-fibril structures in downward the step direction (towards the left and right side of each
sub-image). After some tens of seconds, most of the granular particles were removed from the surfaces achieving a dry
self-cleaning function. All the surfaces were sputter-coated with a silver layer as before.

To obtain reliable results, two pieces of SMP surfaces were placed in opposite orientations, i.e., the micro-
fibril structures on the left SMP surface point towards left, while those on the right SMP surface point
towards right. First, a single PDMS microsphere was individually placed on each SMP surface. Both
spheres were located at the center of the image (see the images in the left column in Figure 6.12). Once
starting the vibration, one can see that they separated towards inverse directions. The one on the left SMP
surface moved to the left, while the one on the right surface moved to the right, which corresponds to the
direction of downward the micro-fibril steps on each SMP surface. After about 7 s, the two microspheres
reached the far left and right side of the image, respectively.

For solar cells in industrial applications, many different sized dusts or contaminations simultaneously exist
on their surface. Thus, the middle column of Figure 6.12 shows a simulation of this case for self-cleaning
many different sized microspheres at the same time. The two SMP surfaces were arranged similarly to that
in the left column. Before starting the vibration, numerous microspheres were placed at the center of the
image. Then with the substrate vibrating, one part of the microspheres (those on the left SMP surface)
moved to the left edge of the image and the others (those on the right SMP surface) moved to the right edge.
Finally, after about 65 s, the surfaces were almost cleaned with no apparent microspheres observable. In
the right column of Figure 6.12, the same experimental procedure was conducted with sea sand particles
(in irregular shapes if compared to microspheres). Switching on the vibration, one can observe a similar
phenomenon as in the middle column. After about 105 s vibration, the sand particles were completely re-
moved. Consequently, the snake-inspired SMP surface shows excellent abilities of self-cleaning micro-
spheres and sea sand particles based on a random vibration instead of water or other liquids, which will
have an advantage as dry self-cleaning coatings for photo-voltaic modules in arid environments. Such con-
cept can be also applied for particles sorting or separation.

A shortened version of this chapter is in preparation as the article “Snake-inspired, tunable anisotropic
frictional surface based on shape-memory polymers for unidirectional transport of microscale particles”,
by Weibin Wu, Markus Guttmann, Marc Schneider, Richard Thelen, Matthias Worgull, Guillaume Gomard,
and Hendrik Holscher.
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In summary, this thesis systematically examined the tribological properties of the molted scales of sandfish
as well as twelve snake species, and the findings were subsequently used as an inspiration for the fabrication
of an artificially engineered surface. With the analysis of the function of the microstructures on the scales
from different regions of the reptiles, the correlation between friction anisotropy and typical nano-step
structures existing on sandfish and snake scales was established. The outcome suggests a general nanoscale
mechanism of reptiles optimizing friction for locomotion. Inspired by this, a smart, tunable friction anisot-
ropy surface made from a SMP was developed. An application of unidirectional transport of micro granular
particles by the inspired surface for dry self-cleaning uses was demonstrated. In compliance with the sci-
entific objectives of this work, the main findings together with an outlook on further studies are given in
the following.

Tribological properties of sandfish and snake scales

Tribological properties including adhesion, friction, and abrasion resistance of sandfish and snake scales
were examined via various AFM techniques and further compared with that of some typical technical ma-
terials. Besides a conventional sharp tip, AFM probes with different size and surface chemistry were fabri-
cated and utilized for the characterization. The experimental results show that scales of sandfish and snakes
do not show more excellent adhesion properties than technical surfaces on the nanoscale. In agreement with
the classical theory, a larger tip size (i.e. probe diameter) usually induces a larger adhesion force, while
there is no significant dependence of adhesion on the probe surface chemistry. Subsequent comparison
between sandfish and snakes reveals that the adhesion of sandfish scales is not extraordinary small, that it
is even larger than for snakes. For the analysis of the frictional properties, friction coefficients were char-
acterized by conducting load dependent friction measurements on the respective sample surfaces. The fric-
tion measured on dorsal sandfish scales is lower than that on most technical materials like Teflon, PMMA,
or silicon. Interestingly, ventral scales of a psammophile snake (S. diadema) have an even smaller friction
coefficient than sandfish scales, but they both are not as low as the dry lubricant HOPG. The shape or size
of the exploited tip did not influence the overall outcome. Abrasion resistant experiments on sandfish and
snake scales as well as on technical materials demonstrate that sandfish resists normal load slightly better
than most technical materials, but it is not stable for longer scratching periods.

Consequently, scales of snakes and sandfish only feature superior frictional properties (small friction coef-
ficient) if compared to the investigated technical surfaces. The adhesion and abrasion resistant properties
are nearly alike among the characterized biological and technical samples. Scales of snakes show even
better tribological properties than that of sandfish. We, therefore, conclude that the fabulous tribological
properties of sandfish swimming under sand are not exclusively caused by its scales. Some other origins
such as the elastic properties of its epidermis or the dynamics of locomotion are also very likely important
for enabling sand swimming in combination with low wear rates. Thus, further research on the tissue un-
derneath the epidermis as well as the dynamics of the swimming will be of high interest. Such studies will
be helpful for the development of new robots aiming to locomote in granular materials.

Function of the microstructures on scales from different regions of snake body
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Micro- and nanostructures on the dorsal, ventral, and spectacle scales of twelve snake species were imaged
by SEM. For an individual snake, micro-ornamentations on scales of these three regions are totally differ-
ent. On different snake species, however, the scales from the same region show very similar micro-orna-
mentations, e.g., oriented micro-fibril structures on ventral scales or stitching polygon structures on spec-
tacle scales. Interestingly, dorsal scales of the investigated snakes display dedicated micro-ornamentations
according to the respective species. All the scales exhibit similar stacked layered structures in the cross
sectional architecture, while the thickness of the scales from different regions of the same snake varies
significantly. Ventral scales are nearly two times thicker than dorsal scales, indicating better wear re-
sistance. Thus, on the one hand, the difference of the structural properties of scales from different regions
of the same snake suggests the multi-functional abilities of snake scales. On the other hand, the similarity
of the structural properties of the same regional scale between different snake species reveals a common
principle of this multi-functionality.

On this account, the wettability, adhesion properties, and spectral transmittance properties were investi-
gated on the three types of regional scales of twelve snake species to characterize this multi-functionality.
Water contact angle varies on the dorsal snake scales within the range of 120° - 145° according to different
species, while the ventral and spectacle scales show stable values of around 110° and 100°, respectively.
Further adhesion measurements using a sharp AFM tip interacting with the snake scales also coincide with
the contact angle results. Dorsal scales are able to gradually scatter the light spectrum with the wavelength
decreasing. Spectacle scales and ventral scales show similar spectral transmittance pattern, revealing high
transmittance values (nearly 90%) in the near-infrared and visible light spectrum but a cut-off in the ultra-
violet spectrum.

We, consequently, conclude that snakes evolved micro-ornamentations on different regional scales cover-
ing their body for designated functions in order to better fit to their habitat. Ventral or spectacle scales show
similar microstructures among different species, respectively, indicating universal functions on these two
types of regional scales on snakes. However, micro-ornamentations on dorsal scales evolved diversely ac-
cording to the demands of individual snakes. More specifically, dorsal scales of most snakes possess a
possible self-cleaning ability and light scattering property, which can protect their skin from contaminations
and strong solar radiations. As a window for the eyeballs, spectacle scales abandon self-cleaning capability
to acquire better spectral visibility and to filter harmful ultraviolet spectrum. This might also be the reason
of the flat, uncomplicated topography on spectacle snake scales as self-cleaning ability usually occurs with
exquisite and complicated micro- or nanostructures which might reduce the visible light transmittance (e.g.
on dorsal scales). Ventral scales are considered important for friction or wear related functions because they
are commonly in contact with the substratum during snake’s locomotion. The correlation between the mi-
cro-ornamentations and the frictional functions of ventral snake scales is specifically discussed in the next
section.

Mechanism of snakes and sandfish creating friction anisotropy via nano-steps

The investigated snake species show micro-fibril structures with nano-steps at the fibril ends on their ventral
scales. Sandfish shows even more apparent nanoscale step structures which are continuously arranged on
their dorsal scales. Nanoscale frictional behavior of a sharp AFM tip scanning across the nano-steps on
ventral scales of snakes (N. atra, S. diadema, and P. guttatus) and dorsal scales of sandfish demonstrates
significant friction anisotropy along the same scanning tracks in two inverse directions (upward and down-
ward the step). This reveals that snakes and sandfish exploit the same mechanism of creating friction ani-
sotropy by nano-step structures.
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It is also interesting to note that, for all the three investigated snakes, friction of the AFM tip scanning
upward the nano-step increases with its step height leading to large frictional coefficients. However, down-
ward step friction behaves nearly independent of the step height. The resulting friction coefficient is very
close to that on the fibril terraces, which is mainly determined by the material properties of the snake scales.
Hence, it seems that the nano-step structures on ventral snake scales are responsible for increasing friction
when snakes locomote in the direction of upward the step (corresponding to snake backward motion) but
cannot reduce friction in the opposite direction (snake forward motion). This means that the nano-step
structures contribute mostly to the generation of friction anisotropy but not to the decrease of friction during
snake’s locomotion. Very similar friction performance was also found on a polymeric replica of N. atra
scales, which confirms that the frictional behavior of the nanoscale step edge on snake scales is determined
by the structure but not by the material properties. The same effect was also observed by micro-tribometry.
Moreover, the friction anisotropy on snake scales is step height dependent. A larger step height induces a
larger friction anisotropy. More interestingly, we also observed diverse sections of step heights which in-
duce a variation of frictional anisotropy along the body of snakes. Smallest and largest step heights were
found in the head and tail section, respectively, and intermediate values in the other sections. Friction ani-
sotropy manifests the same distribution pattern as the nano-step heights along the snake’s bodies. Snakes
might benefit from such a design to realize optimized frictional performances during locomotion or when
climbing slopes.

Therefore, we conclude that the frictional performance of snakes is determined by the material and struc-
tural properties of their ventral scales together. The material properties are important for reducing resistance
with low friction coefficients, while the nanoscale step structures are responsible for providing diverse
sections of frictional anisotropy along the snake’s bodies. This construction principle may be used to embed
nano-steps on low friction surfaces (e.g. metals or ceramics) in order to achieve desirable friction anisotropy
for potential applications such as snake-shaped robots or digging machines. Besides this, considering that
our current studies are mainly conducted on the molted snake scales, further investigations on living animals
to check if the micro-fibrils are movable leading to an adjustable step height as well as changeable friction
anisotropy at the fibril ends will be of high interest.

Snake-inspired tunable friction anisotropy surface based on SMPs

Inspired by the nano-step structures induced friction anisotropy on ventral snake scales, we developed a
smart, tunable friction anisotropy surface by replicating the micro-fibril structures from N. atra ventral
scales onto SMPs via hot embossing technique. The resulting replica was shown to be able to switch re-
versibly between a flattened surface and a micro-fibril structured surface. In this way, the friction on the
surface was accordingly controlled to switch between nearly isotropic and significantly anisotropic along
the longitudinal direction of the micro-fibrils. Moreover, the snake-inspired SMP surface can be repeatedly
programmed into a temporarily flattened topography and when necessary, recover to the micro-fibril struc-
tured topography upon heating stimulus, leading to an ability of tuning friction anisotropy.

The shape-changing capability of the nano-step height at the micro-fibril ends as well as its induced friction
anisotropy on the surface was characterized by AFM. The step height on the SMP replica can be flattened
to an average value of about 6 nm in its temporary state and further increase back to nearly 60 nm after full
recovery by heating. The corresponding friction anisotropy at the nano-steps was characterized to increase
from 1.35 to 3.84 during the same recovery process. Thus, a shape-changing capability of nearly 1000%
and 300% was achieved in terms of the step height and friction anisotropy, respectively. In addition, the
recovery of the SMP surface is continuous and controllable with heating time. It can be abruptly terminated
at any demanded occasion before fully recovered for the purpose of obtaining a desirable step height and
friction anisotropy on the surface, making it an intelligent element. Besides this, the step height at any
arbitrary state of the SMP surface stays constant with storing time and programming/recovery cycles as
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long as the surrounding temperature is below its switching temperature (Tgyitcn)- This behavior reveals an
excellent long-term stability and a remarkable reusability. All these outstanding capabilities make the
snake-inspired, tunable friction anisotropy surface an ideal device for many potential applications in indus-
try and engineering.

Finally, a novel concept of exploiting the snake-inspired SMP surface as a functional platform for unidi-
rectional transport of micro granular particles was demonstrated. Taking the advantage of the friction ani-
sotropy at the micro-fibril steps, the micro particles on the randomly vibrated, structured SMP surface were
directionally transported in the direction of downward the nano-steps. However, after being flattened, the
SMP surface behaves nearly isotropic with no unidirectional transportation ability. The experimental results
show that the smart SMP surface switching between an isotropic and an anisotropic frictional topography
can realize the dynamic control of a microsphere randomly moving around its original location within a
0.1 mm amplitude or unidirectionally moving in downward the nano-step direction for nearly 5 mm. Fur-
ther tests of simultaneously transporting many microspheres or micro sand particles by the structured SMP
surface indicate a potential application as self-cleaning coatings. More interestingly, this method can
achieve dry self-cleaning without water or any other liquids, which will be an advantage in extreme dry
areas lacking rains. This work also provides a promising prospect for other applications such as particle
sorting or separation.
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