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Kurzfassung

Im Laufe der Evolution haben sich Schlangen und Insekten wie Bienen so optimiert, dass sie in
unterschiedlichen Umgebungen Uberleben kénnen. Die Schuppen von Schlangen, insbesondere
auf der Bauchseite, weisen h&aufig Nanostrukturen auf, die die Fortbewegung und
Warmeregulierung verbessern, wéhrend die Rickenschuppen multifunktionale Eigenschaften
wie verbesserte Benetzung und Tarnung aufweisen. In &hnlicher Weise weist die weibliche Blaue
Holzbiene strukturelle Anpassungen auf, mit blau geférbten Haaren aus einer Kombination von
Pigmentierung und Lichtmanipulation durch Nanoporen. Diese Studie vergleicht diese Nano- und
Mikrostrukturen bei Schlangen und der Blauen Holzbiene und untersucht ihre Rolle bei der
Fortbewegung, Warmeregulierung und optischen Eigenschaften.

Schlangen entwickeln haufig Nanostrukturen auf ihren Bauchschuppen, um ihre
Fortbewegung zu optimieren. Meistens werden stachelférmige Nanomerkmale beobachtet, aber
auch Nanoldcher und Nanogitter finden sich auf ihren Schuppen. In dieser Arbeit wird eine
vergleichende Studie zu den Nanomustern auf den Bauchschuppen in Verbindung mit der
Fortbewegung der Schlangen durchgefiihrt. Im Gegensatz zu den ventralen Schuppen finden sich
auf den dorsalen Schuppen vielfaltige Oberflachentopologien. Die Dimensionen dieser Strukturen
reichen vom Nanometer- bis zum MikrometermaRstab. Friihere Studien haben bereits die
Multifunktionalitat dieser Merkmale vorausgesagt. In dieser Arbeit werden die verbesserten
Benetzungseigenschaften der dorsalen Schuppen aufgrund dieser Nano- und Mikrostrukturen
weiter erdrtert. Einzelheiten werden in Kapitel 3 dargestellt.

Zusétzlich zur Fortbewegung sind die Bauchschuppen von Schlangen manchmal so
verdndert, dass sie Warme effizient regulieren. Frihere Studien gehen davon aus, dass Schlangen,
die in heiem und feuchtem Klima leben, reflektierende weille Bauchschuppen entwickeln, um
Uberhitzung zu vermeiden. In dieser Arbeit wird eine vergleichende Studie Gber die reflek-
tierenden weil3en und transparenten Schuppen durchgefiihrt. Die Ergebnisse zeigen Nanoporen
im Inneren der reflektierenden weiRen Schuppen, wéhrend die transparenten Schuppen eine amor-
phe Struktur aufweisen. Diese Nanoporen reflektieren UV-, sichtbares und Nahinfrarot-Licht, um
solche Oberfléchen zu erhalten. Einzelheiten werden in Kapitel 4 beschrieben.

Einige Schlangen wie die Chinesische Kobra (Naja atra) entwickeln anisotrop reflek-
tierende Bauchschuppen. Die Reflexion dieser Schuppen nimmt zu, wenn sie vom Kopf in Rich-
tung Schwanz gekippt werden. Interessanterweise verringert sich die Reflexion, wenn sie von der
Schwanz- zur Kopfrichtung gekippt werden. Ein Querschnitt dieser Schuppen zeigt geneigte
Mikrokavitaten unter ihrer AuRenflache. Diese gekippten Mikrohohlrdume interagieren mit dem
sichtbaren Licht, um solche anisotrop reflektierenden Schuppen zu entwickeln. Einzelheiten
werden in Kapitel 5 beschrieben.

Die meisten Vipern entwickeln ein Zickzackmuster aus hoch- und niedrigpigmentierten
Ruckenschuppen. Dieses Erscheinungsbild gewdahrleistet sowohl Tarnung als auch thermische



Eigenschaften. Die Schuppen innerhalb des Zickzackmusters sind im Vergleich zu den benach-
barten Schuppen reich an Melanin. In dieser Arbeit wird eine vergleichende Studie iber die hoch-
und niedrigpigmentierten Schuppen vorgestellt, um herauszufinden, ob ihre Oberflachentextur
fur eine effiziente Thermoregulation optimiert ist. Interessanterweise wird ein Unterschied in der
Oberflachenstruktur zwischen den hoch- und niedrigpigmentierten Schuppen festgestellt. Die
optische Analyse zeigt jedoch, dass diese Strukturen die Warmeregulierung im Schlangenkorper
nicht fordern. Einzelheiten werden in Kapitel 6 beschrieben.

Schlangen, fossile Eidechsen und die meisten Geckos haben eine durchsichtige Hiille, die
Brille, auf ihren Augen. Schlangen leben in direktem Kontakt mit dem Boden und unvermeid-
lichen Schmutzpartikeln. Da sie keine Extremitaten haben, um ihre Brille zu reinigen, wurden in
dieser Arbeit die nass-selbstreinigenden Eigenschaften dieser Schuppen untersucht. Im Allge-
meinen wurden Nano- und Mikrostrukturen auf der Oberflache der Schuppen beobachtet. Sie sind
jedoch nicht flr die Erzielung selbstreinigender Eigenschaften optimiert. Die Ergebnisse zeigen
aullerdem, dass die Brillen fur das sichtbare Licht transparent sind, aber die auf der Schuppeno-
berflache gefundenen Strukturen sind nicht optimiert, um das Sehvermdgen der Schlangen zu
verbessern. Einzelheiten werden in Kapitel 7 beschrieben.

Die weibliche Holzbiene (Xylocopa caerulea) entwickelt blau gefarbte Haare auf dem
Kopf, dem Thorax und Teilen des Hinterleibs. Fruhere Studien legen nahe, dass diese Farbe durch
das Pigment erzeugt wird. Die eingehende Analyse in dieser Arbeit zeigt jedoch, dass die Farbe
durch eine Kombination aus Pigment und Lichtmanipulation erzeugt wird. Auf der Haa-
roberflache sind keine Oberflachenstrukturen zu erkennen, aber ein portser Haarkern ist
vorhanden. Diese Nanoporen interagieren mit dem Licht, so dass eine reflektierende Oberflache
entsteht, und die blauen Pigmente, von denen angenommen wird, dass sie sich um die Haargrenze
herum befinden, erzeugen die blaue Farbe. Die optische Analyse bestatigt aulerdem, dass die
blaue Farbe durch das Pigment erzeugt wird, das durch die Nanoporen im Inneren der Haare stark
verstéarkt wird. Einzelheiten werden in Kapitel 8 beschrieben.

Das Hauptziel dieser Arbeit bestand darin, die zugrunde liegende Physik dieser Nano- und
Mikrostrukturen zu verstehen, die die mechanischen, optischen und thermoregulatorischen Ei-
genschaften von Schlangen und Bienen verbessern. Diese Strukturen kénnen weiter erforscht
werden, um optoelektronische Gerate der ndchsten Generation mit verbesserten optischen, mech-
anischen und thermoregulatorischen Eigenschaften zu entwickeln.



Abstract

Through evolution snakes and bees have optimized themselves to survive across diverse environ-
ments. Snake scales, particularly on the ventral side, often feature nano-structures that enhance
locomotion and heat regulation, while dorsal scales display multifunctional properties such as
improved wetting and camouflage. Similarly, the blue female carpenter bee exhibits structural
adaptations, with blue-colored hairs from a combination of pigments and light manipulation
through nanopores. This study compares these nano- and micro-structures in snakes and bees,
exploring their roles in enhancing locomotion, thermoregulation, and optical properties.

Snakes often develop nano-structures on their ventral scales to optimize their locomaotion.
Spike-shaped nano-features are mostly observed; nanopits and nano-ridges are also found on their
scales. In this work, a comparative study is made on the nano-patterns on their ventral scales in
correlation with the snake locomotion. Opposite to the ventral scales, diverse surface topology is
found on the dorsal scales. Dimensions of these structures range from the nano-meter to the micro-
meter scale. Previous studies have already predicted the multifunctionality of these features. This
work further discusses the enhanced wetting properties of the dorsal scales due to these nano- and
micro-structures. Details are presented in Chapter 3.

In addition to locomotion, the ventral scales of snakes are sometimes modified for
efficient heat retention. Previous studies assume that snakes living in hot and humid climates
develop reflecting white ventral scales to avoid overheating. In this work, a comparative study is
made on the reflecting white and transparent scales. Results show nanopores inside the reflecting
white scales; whereas an amorphous structure within the transparent ones. These nano-pores
reflect UV, visible, and near-infrared light to achieve such surfaces. Details are presented in
Chapter 4

Some snakes such as the Chinese Cobra (Naja atra) develop anisotropically reflecting
ventral scales. These scales' reflection increases when tilted from head to tail direction.
Interestingly, the reflection reduces when they are tilted from the tail to the head direction. A
cross-section of these scales reveals tilted microcavities underneath their external surface. These
tilted micro-cavities interact with the visible light to develop such anisotropically reflecting
scales. Details are presented in Chapter 5

Most vipers develop a zigzag pattern of high and low-pigmented dorsal scales. Such
appearance ensures both camouflage and their thermal melanism properties. Scales within the
zigzag are rich in melanin content in comparison with the neighboring scales. In this thesis, a
comparative study is presented on the high and low-pigmented scales to understand if their surface
texturing is optimized for efficient thermoregulation. Interestingly a difference in surface
structure is observed between the high and low pigmented scales. However, the optical analysis
shows that these structures do not promote enhanced thermoregulation in the snake body. Details
are presented in Chapter 6



Snakes, fossorial lizards, and most geckos develop a transparent integument called
spectacle on their eyes. Snakes live in direct contact with the ground with unavoidable dirt
particles. As they do not have any extremities to clean their spectacles, in this thesis wet self-
cleaning properties of these scales are explored. In general, nano- and micro-structures are
observed on their scale surface. However, they are not optimized to achieve self-cleaning
properties. The results further show that spectacles are transparent for the visible light but the
structures found on the scale surface are not optimized to enhance the vision of snakes. Details
are presented in Chapter 7

The female carpenter bee (Xylocopa caerulea) develops blue-colored hairs on the head,
thorax, and parts of the abdomen. Previous studies suggest that this color is produced by the
pigment. However, the in-depth analysis made in this thesis reveals that the color is produced as
a combination of pigment and light manipulation. No surface textures are observed on the hair
surface; however, a porous hair core is found. These nanopores interact with the light to develop
a reflecting surface and the pigments are assumed to be located around the hair boundary to
produce the blue color. The optical analysis further confirms that the blue color is produced by
the pigment which is strongly enhanced by nanopores found inside the hairs. Details are presented
in Chapter 8.

The main objective of this thesis remained to understand the underlying physics of these
nano- and micro-features which enhance the mechanical, optical, and thermoregulatory properties
in the snakes and bees. These structures can be further explored to develop next-generation
devices with enhanced optical, mechanical, and thermoregulatory properties.
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1 Introduction

Over millions of years of evolution, different organisms have modified themselves to ensure
existence in their respective habitats [1-4]. For centuries, their optimizing strategies have inspired
humans to address challenges in everyday life [5-9]. Numerous artificial products have been
developed mimicking the nano-and micro-textures that these creatures evolved. Examples include
strong adhesive tapes inspired by gecko feet [8, 10], self-cleaning surfaces inspired by lotus leaves
[11], drag-reducing aircraft wings or swimming suits inspired by shark skin [8, 12-13], anti-
slippery vehicle tires inspired by tree frog toe pads [8, 14-16]. In addition to these achievements,
some organisms developed optical strategies for their survival. Complex photonic structures in
these organisms produced different colors for communication [17-18], mating [19], camouflage
[20-21], and even thermoregulation [22]. These structural colors are produced by ordered or
quasi-ordered arrangement of complex nanostructures [23-25].

Being inspired by these previous studies, this thesis presents an in-depth analysis of the
snake scales and hairs of the female carpenter bee. A study is made on the functionality of snake
scales compared to the respective nano- and micro-structures frequently observed on the scale’s
surface or embedded within. Mechanical, optical, and thermoregulatory adaptations of these
scales are discussed. The results show that these nano- and micro-structures enhance specific
properties in snakes. In addition to snake scales, the mechanism of color enhancement in the hairs
of female carpenter bees is explained. The results show that nanostructures strongly enhance the
reflection of these pigmentary blue hairs. In general, this thesis highlights the functionality of
nano- and micro-structures found in different creatures which ensure their survival in their

respective habitats.

In nature, snakes are the most common reptiles. More than 25 clads of tetrapods have
evolved producing a total of around 4300 species of snakes, which represents 19% of the
terrestrial vertebrate diversity [26-28]. They are widely distributed in different geographic regions
and habitats. Snakes have originated from the group the limbless lizards which don’t have any
extremities for locomotion. Therefore, they locomote in direct contact with the substratum
through their ventral scales (scales found on the abdomen) [29-33]. As a result, these scales
unavoidably endure friction and wear during locomotion which presumably possess interesting
tribological properties. Over the years, extensive research has been conducted on snake scales to
understand the underlying physics of their locomotion and scale properties. The investigation

started nearly 150 years ago when Leydig found micro-ornamentations on the uppermost layer of



the epidermis in contact with the environment, the so-called “Oberhdutchen” [34]. After that,
many studies have been conducted, mainly by electron microscopy, to reveal the topography of
these ornamentations on ventral scales as well as dorsal scales (scales found on the back) [35-43].
On the ventral scales, a spike-shaped structure is frequently observed from head to tail direction
of the snake [44-51]. It is widely accepted that the main function of these structures is to optimize
frictional contact with the substrate (ground, trees, etc.). More specifically, these nano- and
microstructures might reduce friction [47, 52-54], create frictional anisotropy [44-51, 55-56], or

optimize the respective locomotion performance [57].

Multifunctionalities of the ventral and dorsal scales of snakes

Snakes usually follow four distinct locomotion traits: lateral undulation, sidewinding, concertina,
and rectilinear. In Chapter 3 of this thesis, a comparative study is presented on the nanostructures
found on the shake ventral scales in correlation with their respective locomotion gears. Results
show that the surface topographies of these scales are optimized to ease snake locomotion.
Besides, the wetting and optical response of these structures were also recorded. Results confirm
that the scales are mostly transparent in the visible regime and are hydrophobic in contact with
water. Interestingly, hydrophilic scales are even observed; mostly caused by the texturing of their

scale surface.

In difference to ventral scales diverse nano- and micro-structures are found on the dorsal
scales. These structures have been referred to as verrucate [35], canaliculate ridges [36], cristate
apical [41], crosshatched [37, 40], papillate [42], and reticulate or porous structures [43]. With
the ongoing exploration of these micro dermatoglyphic patterns on snake scales, the function or
capability of these structures has attracted serious attention. Investigations in the early days
attempted to use these microdermatoglyphics to indicate the ecological or phylogenetic
relationship between different species [42, 62]. In 2020 Tsai et al. revealed that the evolution of
scale microstructures is dominated by both phylogenetic and ecological constraints [63]. Together
with results obtained on different reptiles (e.g. lizards), other authors hypothesized that these
micro-ornamentations could cause light scattering to prevent solar radiation from penetrating the
organism [35, 64], enhance dark coloration [65], help in water harvesting [66], contribute to anti-
contamination (self-cleaning) properties [62, 67-68], or sound production [69-70]. Therefore, it
seems like, the dorsal scales of snakes feature diverse micro-ornamentations due to individual
demands for their respective habitat and ecology. To further learn about the multifunctionality; in
addition to the ventral scales, a detailed analysis is presented on their micro-ornamentations,

wetting, and optical responses of the dorsal scales in Chapter 3. The dimension of these structures



ranges from nano-meter to micro-meter scale. In general, a higher contact angle is observed on
the dorsal scales. However, the contact angles are not high enough to conclude that these
structures promote self-cleaning properties. But these contact angles can help snakes to enhance
their wetting properties. Much reduced transmittance is observed for the dorsal scales in
comparison with the ventral scales. This reduction might be caused due to the absorption of

melanin and light scattering by the nano- and micro-structures.
Nanopores create a broadband reflection in snake scales

In addition to locomotion, ventral scales of some species are also optimized for thermoregulatory
properties. In 2014, Moreno-Azocar et al. stated that snakes living closer to the equator mostly
develop brighter venters [58]. Later, Goldenberg et al. further stated that snakes living in hot and
humid climates would develop less melanic ventral scales which might help them to avoid
overheating [59]. However, these studies do not explain the mechanism through which snakes
develop such reflecting white ventral scales. To address this research question, in this work, the
topological and optical properties of reflecting white scales are studied in comparison with the
transparent or translucent ventral scales. Results presented in Chapter 4, evidence that hanopores
found inside the reflecting white scales scatter light to develop such thermoregulatory reflecting
white surfaces. An amorphous structure with no nanopores found inside the transparent or

translucent scales further confirms the statement.
Micro-cavities developing anisotropically reflecting scales in snakes

Interestingly, some snakes living in Western Asia develop anisotropically reflecting ventral
scales. Chinese Cobras originating from Western China are often found to develop white scales;
whereas black venters are found on the species endemic to the Eastern region [60-61]. Ventral
scales of this species appear whitish when tilted from head to tail direction. However, they appear
dark (mostly caused by melanin) when tilted along the tail-to-head direction. In this thesis,
extensive research was conducted to understand the mechanism through which these snakes
develop such anisotropically reflecting scales. Results in Chapter 5, confirm that these scales
develop alternate layers of tilted microcavities underneath the external surface of the ventral
scales. These tilted microcavities are in alternate layers with the scale material (keratin). The
combination of the scale materials with these tilted microcavities interacts with the visible light

to develop such anisotropically reflecting surfaces.



Differences in surface topography with the variation in optical

appearance

Most ectotherms tend to develop a dark-colored appearance. Alongside camouflage, this dark
coloration has a thermoregulatory impact on these cold-blooded reptiles. The thermal melanism
hypothesis predicts an ecological advantage for dark-colored animals in cold environments [71].
Recent studies on lizards have confirmed such predictions [72-74]. However, these dark-colored
snakes are often vulnerable to predators as it increases their detectability [75-78]. It appears to be
that melanism is a tradeoff between camouflage and thermoregulation. Interestingly, most Vipers
exhibit a zigzag pattern on their dorsal scales [83]. The scales within the zigzag pattern are highly
pigmented in comparison with the other neighboring scales [83]. Such patterns might favor snakes
to camouflage and also maintain their melanistic properties [84]. In 2020, Martinez-Freiria et al.
conducted an extensive analysis of the high-pigmented dorsal scales within the zigzag pattern of
39 Eurasian Vipers [77]. The study concluded that the concentration of pigments of these scales
within the zigzag pattern is optimized for thermoregulation. Interestingly, diverse nano- and
micro-structures are observed on these scales. Thus a comparative study is made on the
topological and optical properties of high and low-pigmented scales of some shake species in
Chapter 6 to understand if these structures have an effect in modifying their thermal properties.
Results indicate that both topological and optical properties differ with the variation in pigment
concentration of these scales. However, in difference to a previous study [65], the surface textures
on the dorsal scales are not optimized to enhance transmittance properties; rather the reflectance

increases when light incidences on these nano- and micro-structures.
Micro-ornamentation and spectral transmittance of the spectacle scales

In difference to eyelidded animals, the eyes of snakes, fossorial lizards, and most geckos are
covered by a transparent integument often called brille or spectacle [85]. This fixed membrane is
developed from the fusion of eyelids during their embryonic stage [86]. These spectacles provide
mechanical protection to the cornea, minimize water evaporation, and even protect against solar
radiation [87-89]. In 1999, Campbell et al. revealed the shallow micropits on the spectacles of
Carpet Python (Morelia spilota) and concluded that such structures could help filter the
transmission of a certain infrared range [90]. These previous studies were conducted to understand
the topological and optical properties of some snake species [85, 91-92]. However, another
question remained; how do snakes clean their spectacles as they do not have any extremities for

wiping? Therefore, the wettability of the spectacles was investigated in comparison with the



surface textures to learn about possible wet self-cleaning properties. In addition to that, the optical
properties of the spectacles were also investigated. The observations and analysis presented in
Chapter 7 indicate that the spectacles develop nanopits, narrow channels, and narrow boundaries
on the surface. However, these structures do not promote specific functionality or enhance optical
properties. The benefits to snakes for the development of these nanopits, narrow channels, and

boundaries are yet to be understood.

Nanopores enhance the reflection of the blue hair of the female

carpenter bee

Carpenter bees (Xylocopa caerulea) have brightly colored bodies and/or wings [93]. The body of
male X. caerulea features a blackish cuticle; whereas, the female X. caerulea has bright blue hairs
on its head, thorax, and part of the abdomen. In 1926, Mason predicted that this blue color is
produced by pigments [95]. Recently, Stavenga further concluded that the color is produced by a
bile pigment Bilin, as spectra of the hairs showed high absorption around 605 nm [94]. However,
no rigorous proof was presented to verify that the vibrant blue color is generated by the pigments
only. Therefore, the morphological and optical properties of the blue hairs of X. caerulea are
studied in detail. Results presented in Chapter 8 confirm that a nanoporous core exists inside the
blue hairs. These nanopores act as a white scatterer for back reflection. In agreement with these
previous studies, results indicate that the blue color is partly produced by a pigment; however, the
reflection is strongly enhanced due to the interaction of light with the nanopores found inside the

hair.

Snake scales have been studied for years to understand their multi-functionality [34-54,
62, 64-70, 85-90]. Inspired by the previous studies, Weibin Wu started an investigation on snake
scales in 2016. As the snakes molt in around 3-4 months enough samples were not available to
summarize his findings. Besides, only two spectacle scales are available from one completely
shaded skin. With the availability of scales belonging to snake species from different geographical
locations and habitats, | went on with an elaborate study in 2020 for further investigations. In this
study, several physical theories are discussed to explain the functionality of scales. These theories
are validated through in-depth analysis of numerous snake species. Therefore, in Chapters 3 and
7, some results are recalled from the thesis of Weibin Wu to summarize the findings. At the end

of these chapters, the results adapted from Weibin Wu'’s thesis are explicitly mentioned.



2 Theory, Materials, and Methods

Over the billions of years of evolution, nature has optimized itself to survive in its respective
habitat. This thesis discusses some of snakes' and bees' mechanical, optical, and thermoregulatory
optimizations. The results show that nano- and micro-structures found in their scales or hairs are
modified to achieve such properties. The basic theoretical background is necessary for a better
understanding of the underlying physics of these nano- and micro-structures. Parts of this chapter
introduce the theories that are further explored to explain the mechanism through which they
perform such multi-functions. To verify the assumptions series of investigations were conducted.
Therefore, in the later part of this chapter characterization techniques and relevant tools are
explained.

2.1 Snake-inspired mechanics

2.1.1 Snake locomotion

The locomotion of limbless animals is different in comparison to the limbed species as it relies
entirely on the vertebral column, ribs, and trunk for propulsion. Most commonly snakes follow
four specific types of locomotion traits: Lateral Undulation, Sidewinding, Concertina, and
Rectilinear. Figure 2.1 shows a schematic of the four fundamental locomotion gears [96].
Previous studies show that snakes develop different nano-structures on their ventral scales to ease
their locomotion [44-57]. In this thesis, a comparative study is being made on these nano-
structures in correlation with the locomotion trait. Thus locomotion traits are discussed here in
brief. The theoretical basis will relate to the findings presented in Chapter 3.

Lateral Undulation is the most common locomotion trait. When snakes move on a
surface using this gear, the body deforms locally exerting external forces against the surface. The
lateral force vectors generated due to this external thrust cancel each other and the resultant force
vector propels the body forward. Snakes achieve fine control over the direction of force exertion
by the postural adjustment of the body. In such locomotion, lateral frictional force is dominant
where large dorsal muscles are activated unilaterally at each bend of the body.

Sidewinding gear is mostly used by snakes on smooth or slippery surfaces while
crawling. In such locomotion, initially, each part of the body is sequentially placed in static
friction with the substrate. Then segments of the body are lifted off the surfaces; thus it rolls along
the ground from neck to tail forming a characteristics track. When it settles down in a new

position, the front part initiates a new track while the rear part completes the old track. In this



trait, the snake relies on static friction to travel diagonally relative to the track it forms on the
ground. Muscle activity is similar to lateral undulation; however, they are also activated bilaterally
in the regions where being lifted.

Concertina gear is used when snakes crawl through tunnels, narrow passages, or while
climbing. It involves alternate pulling of the body into bends and then straightening the body to
move forward. Initially, the front part of the body moves and when it rests on the substrate, the
rear part is pulled up into bends again. Static frictional force is important in concertina locomotion

as snakes activate blocks of muscles unilaterally in the regions of bending.

L *

Lateral Undulation

Concertina
._,o‘=-.‘ Cpuunth ** " "% .
Rectilinear

Figure 2.1 Different traits of snake locomotion. The figure is reproduced from
[96].

Rectilinear often called the caterpillar locomotion, involves snake movement in a
straight line. In this trait, initially, ventral scales are alternatively lifted slightly from the ground
and pulled forward; later they are pulled downward and backward. As scales stick to the ground,
the body is pulled forward over them. When the body moves far enough to stretch the scales, the
cycle repeats. Unlike lateral undulation, sidewinding, or concertina locomotion bilateral active



muscles are activated in this gear where snakes mostly rely on their static frictional force to the
substrate.

It is very difficult to classify snakes based on their respective locomotion traits, as a snake
can follow all four locomotion traits when needed. The sidewinding gear is quite different from
the other traits; thus, Reiser et al. divided several vipers into groups of sidewinding and non-
sidewinding species [57]. They showed that non-sidewinding vipers often grow nanostructures
on their ventral scales to develop anisotropic frictional force which helps them in locomotion. On
the other hand, sidewinding vipers develop nanopits on their ventral scales resulting in frictionally
isotropic surfaces which assists in sidewinding locomotion. Previously, Berthe et al. assumed that
the ridge-like structures found on the ventral scales of tree-climbing snake species assist them in
climbing by generating frictional anisotropy [52]. Inspired from the previous studies ventral
scales of numerous snake species from different geographic locations, habitats, and families are
analyzed in this thesis. A comparative study is made on the dimensions of the structures and their

corresponding frictional force property. Results are presented in Chapter 3.

2.1.2 Ventral scales of snakes showing anisotropic frictional force

In 2021, Reiser et al. showed that the nano-structures found on the ventral scales of snakes assist
them in lateral undulation-type locomotion by generating anisotropic frictional force [57].
Previously, in 2020 Wu et al. showed that these anisotropic frictional forces vary among the
species with the difference in height of these nano-patterns [56]. In this thesis, the anisotropic
frictional force of the ventral scales of some snake species is studied in comparison with the
physical property (mass, length) of the snake body. For a better understanding of such nano-scale
frictional forces, some theories are discussed.

2.1.2.1 Adhesion

Adhesion is defined as the tendency of particles or surfaces to adhere together [97]. Adhesion
work of material A is related to the surface energy by [98]

Wya =2Y4 2.1

where W, , is called the work of cohesion and y, is the surface energy

When material A is in contact with material B, surface energy y,p is associated with the interface
of these two materials. Work of adhesion in this circumstance is defined as the variation of surface
energy during the contacting process or the reversible work needed to separate them. Work of

adhesion, when two materials (A, B) are in contact, is related by Dupré equation which is [98]
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Thus a conventional method to determine adhesion is to measure the surface energy.
Adhesion forces or work of adhesion can be also measured on a nanoscale using AFM. This is
conducted by analyzing the force-distance curves. In this work, the frictional force of the ventral
scales of snakes is analyzed. The adhesion force of the cantilever in contact with the snake scales
is measured to calculate the anisotropic friction force of the snake scales. The methodology is
explained in detail in section 2.4.2.

2.1.2.2 Friction

Friction is defined as the force resisting the relative motion of solid surfaces, fluid layers, and
material elements sliding against each other. In terms of lubrication, friction is classified into dry
and lubricated friction. Terrestrial snakes mostly rely on dry friction to ease their locomotion. In
1699 Guillaume Amontons first published the laws of friction which are later commonly accepted

as Amontons’ laws of friction [99]:
1. Friction force is proportional to normal load
2. Friction force is independent of the apparent area of contact
3. Dynamic friction is independent of the relative sliding speed
The three laws of friction can be summarized as [100]
Ffric = B Fioaa 2.3

here, u is the friction coefficient which is a material property of the surface. However, it is also
influenced by other factors such as the humidity of the environment or roughness of the sliding

surface. The friction coefficient is independent of the contact area and the sliding velocity. Fy;.

and Fy, .4 represent the frictional force and normal load, respectively.

2.1.3 Water harvesting properties of snake scales

Some rattlesnakes living in deserts have been found drinking water collected on their body scales
during rain [101]. Phadnis et al. assumed that surface textures of the dorsal scales of these species

enhance such a water harvesting phenomenon [101]. Their study showed that nano-structures on



their scale surface reduce the surface energy of the scales to increase the water contact angle. A
higher contact angle results in the formation of a small puddle on the snake's body and snakes are
found to drink water from these puddles. Inspired by this work, the wetting properties of scales
of numerous snake species from different habitats and geographic locations were analyzed in this
study. The results in Chapter 3 show high water contact angles for the dorsal scales which is
caused due to their surface textures. However, lower contact angles were observed on the ventral
scales. In addition, the wetting properties of the spectacle (found on the eyes) scales were also
measured to determine if they promote self-cleaning properties as they locomote on the ground
with unavoidable dust and dirt. The results (presented in Chapter 7) confirm that the spectacles
do not show self-cleaning properties as they have very low contact angles. To correlate wetting
properties with the nano- and micro-structures found on ventral, dorsal, and spectacle scales of
snakes, the wetting theory is discussed here. Results on the wetting behavior of scales are

presented in Chapters 3 and 7.

When a liquid droplet comes in contact with a solid surface, their interaction results in the
spreading of the liquid. This interaction is described by the Wetting theory. Molecules in a liquid
droplet are bound to each other by intermolecular forces. The molecules around the center are
balanced; however, the ones located around the edges are mostly positioned toward the center.
This results in the net pulling of the outer molecules to the droplet center. The input energy
required to move a molecule from the center to the edge within a droplet is called interfacial
surface tension (y). It is defined as the work necessary for the displacement per unit surface.

In 1805, Young defined the relation between the contact angle (8) of a droplet with the
surface tension, y,; of liquid vapor (LV), liquid-solid (LS), and solid-vapor (SV) interfaces using
three-phase model where droplet was considered small enough for gravity to be negligible in

reference to Figure 2.2 [102].

(a) (b)

Vapour

(c)

YyL

0° <6 <90° 6 =90° 90° < 0 < 180°
Figure 2.2: (a) Solid-liquid-vapor triple line is defined by Young'’s equation. Surfaces with contact

angle 0° < 8 < 90°are hydrophilic (b, c) whereas 90° < # < 180°are hydrophobic
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Based on the contact angle, states of solid surfaces are separated into different types.
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0% < 0 < 90°, hydrophilic
90° < 0 < 180°, hydrophobic

Glass and most non-fluorinated polymers are hydrophilic. Hydrophobicity can be obtained by
reducing the surface energy of the solid surface. This could be achieved by fluorinating or
chemically modifying the surfaces. However, a contact angle above 120° cannot be achieved on
smooth surfaces [103-104]. Thus surfaces are roughened or modified to develop
superhydrophobic surfaces (8 > 150°) [105-108]. Eq. 2.1 is applicable for homogenous or
smooth surfaces. Therefore, to analyze the wetting properties of structured surfaces, Wenzel and
Cassie-Baxter wetting states need to be defined [109-112].

Wenzel State describes the phenomenon when the droplet wets the structured surface
completely penetrating the topography (Fig 2.3a). The contact angle on the structured surface can
be derived from the contact angle for the unstructured surface.

€05 0,,0nz01 =7.€050 ;17> 1 2.5

here, r is defined as the ratio of the actual surface area to the projected surface area of the surface.
Asr > 1, roughness and surface topography always enhance the wettability of bulk material.
Thus, a lower contact angle will be recorded on a structured hydrophilic surface in comparison
with a non-structured surface; whereas, a higher contact angle will be recorded for a structured

surface in comparison with the non-structured hydrophobic surfaces [105-106, 112-113].

(@ (b)

ikttt

Wenzel State Cassie-Baxter State

Figure 2.3: Schematic of different wetting states associated with increasing (or decreasing) the
surface contact angle by structuring the surface. (a) Wenzel state: droplet penetrates the surface
topography and wets the structured surface completely. (b) Cassie-Baxter state: droplets partially
rest on the surface topography and do not penetrate the features.

Cassie-Baxter State describes the phenomenon when the droplet partially rests on the

topography and does not penetrate the features (Fig 2.3b) [103, 107, 114]. Thus air pockets are
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created which increase the contact angle by reducing the liquid-solid contact area. Resultant
contact angle on the structured surface-

cos Ocp = Psrgcos Ogs + PuirT air €OS 0 4ir 2.6

here, ¢ and ¢;,- are area fractions of wetted solid and air respectively and rg and r,;, are
respective roughness factors of the wetted solid and air. In the specific case of a droplet resting

on the structures Eq. 2.6 can be simplified using 8¢4ir = 180°, 74, = 1, and ¢girr = 1 — s

cosOcp = -1+ Ps(rgcosBps + 1) 2.7

Contact angle in a Cassie-Baxter wetting state depends on the solid-liquid contact area which is
often higher than the structured surfaces in a Wenzel state.

dust particle

Figure 2.4: Schematic of self-cleaning properties of Lotus leaves. The microstructures on the leaf
surface develop a high contact angle which results in a low roll-off angle. Water droplet rolls off
the surface collecting the possible debris and particles. The figure is adapted from [115].

The wettability of surfaces can be controlled by developing different nano- and
microstructures on the surface. Such textures reduce the surface energy by decreasing the resultant
adhesion by reducing the contact area. This reduced surface energy results in a high water contact
angle (CA) which results in a lower roll-off angle. Thus the water droplet tends to roll off at lower
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angles along with the possible debris often accumulated on the surface. Barthlott et al. in 1997
pointed out the self-cleaning properties of lotus leaves (Nelumbo nucifera) [11]. Their analysis
showed that the natural micro-structures on the leaf surface result in high contact angles which
promote self-cleaning of surfaces as the droplet rolls off along with the possible debris collected
on the leaves. The schematic explaining the theory is presented in Figure 2.4. The theory was later
popularized as the Lotus effect. As snakes develop a variety of structures on their scales, in this
thesis, the wettability of these scales was measured to determine if the scales promote wet self-

cleaning properties.

2.2 Snake-inspired photonics

2.2.1 Mechanism of coloration

Snakes are often distinguished by the variety of their colors and diverse patterns. Specific colors
are mostly produced by pigments. Chromatophores found in snakeskin produce black, red, and
yellow color. Chromatophores are cells responsible for producing pigmentary colors. In
vertebrates, these cells are developed embryologically from neural crest tissue and they migrate
to the skin in their embryonic stage. Snakes mostly develop four different types of
Chromatophores. Melanophores, erythrophores, and xanthophores develop black, red, and yellow
colors respectively in snakeskin. Iridophore develops a white color by reflecting incident light.
However, many other colors such as blue, green, brown, and purple are often found on the
snakeskin. These colors are mostly produced by the variation in composition of the basic colors,
due to the interaction of basic colors with the hemoglobin in the blood supply of the dermis or
due to the reflection by iridophores. Interestingly, white-colored snake scales can be also
produced due to the scattering of light. Results presented in Chapter 4 confirm that some snakes
generate nanopores within their ventral scales. These nanopores scatter the visible light to develop
reflecting white scales. In Chapter 8 the results further show that similar nanopores are also found
within the blue hairs of female carpenter bees. These nanopores interact with the visible light to
enhance the coloration of the pigmentary blue and develop a whitish central region. The whiteness
is produced in the snake scales and bee hairs due to the scattering of light when incident upon
interfaces with different refractive indices. Thus, basic interactions of light at interfaces are
explained first describing the certain conditions to be fulfilled for light to reflect over a broadband
spectrum. Different mechanism of light scattering is further discussed. The theoretical

background will benefit in understanding all the chapters in general.
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2.2.2 Light interaction at interfaces

Nature produces structural colors by optimizing the interaction of light at the interfaces of two
dielectric media with refractive indices n; andn,. Reflection and transmission of light at
interfaces can be generalized if dielectric materials with constant layer thickness are alternated
periodically. Light can interfere constructively producing wavelength-selective reflection and
transmission provided that the layer thickness is comparable to the incident light wavelength.
[116-117].

Figure 2.5 Schematics of light incidence, reflection, and transmission at an interface of two
isotropic media with refractive indices n; and n,, respectively, and their respective angles 6,
and 6, with respect to the normal. P-polarized light has the wave vector in the plane, whereas s-

polarized light has the wave vector normal to it.

A schematic of light incidence, reflection, and transmission at an interface of two isotropic
media with refractive indices n, and n, is shown in Figure 2.5. Reflected light bounces off the
interface and propagates to the first medium following the condition 8, = — 8., where 6, and 9,
are the angles of incidence and reflection of the propagating light wave with respect to normal of
the interfaces respectively. The refracted light propagates into the second medium at angle 9,

obeying Snell’s law.

nysin@, = n, sin 0, 2.8
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Electric field intensity of reflection and transmission depends on the polarization of incident light.
An electric field vector polarized in the plane of incidence is defined as p-polarized (transverse
magnetic, TM) light. The electric field vector polarized in the plane of optical interference
(normal to the plane of incidence) is referred to as s-polarized (transverse electric, TE) light. The
amplitudes of the reflected and transmitted light are given by Fresnel’s amplitude reflection and

transmission coefficients via

n,cosf, — n,cosoO, 2.9
S nycos0, + nycosO,

_ 2n,co0s504 2.10
S n,cos0, + nycos,

n41c0s0, — n,co0s04 2.11
r, =
P nycos0, + nycosd,
2n,co0s04 2.12
Ls

- nicosf, + n,cos6,
The reflectance R and transmittance T for the different light polarizations and as well as
unpolarized light conditions can be given by

R, = |rs.p|2 2.13

_R;+R, 2.14
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_ n,co0s0, |t |2 2.15
P n,cos0,'°P
T;+T, 2.16

The equations already validate that R strongly depends on the incidence angle for thin films. This
phenomenon results in a metallic and iridescent appearance for multilayers. For thin film
interference, reflection at every interface is to be iterated. Light constructively interferes when
optical path length differences are equal to the integer multiple of the wavelength, that is mA,
where, m is a positive integer and A the considered optical wavelength. Light destructively

interferes when the optical path length difference is a half-integer, that is (m — %/1).

Therefore, the following interference conditions can be deducted by Snell’s law.
Constructive interference:

mA =2.(n;d{cos@ + n,d,cos0,) 2.17

Destructive interference:

1 2.18
(m-— E/l) =2. (nqdycos01 +nyd,cos0;)

where nq, n, are the refractive indices and d,, d, are the thicknesses of the layers.

For a multilayer system with N alternating layers of two different materials with refractive
indices n,,n3 and thicknesses d;,d, and for the condition n, > n3 peak, reflectance can be
deduced by specifying the conditions for constructive interference of light beams that are reflected
from different optical interfaces. In reference to Figure 2.1b, light incidents on the multilayer
stack at an angle 8;. Considering Snell’s law, constructive interference of light reflected off two

parallel-oriented consecutive interfaces leads to the relation-
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ml=2. (dl. nZ —n?sin?0; + d,. [n% — n%sin291>

To achieve broadband reflection equal intensity of reflected light is required over the entire
spectrum of consideration. This can be obtained by combining multi-layers with alternate
refractive indexes and varying thickness [4]. When each layer contributes to the constructive
interference of a specific wavelength (Fig 2.6b), the summation of reflected light for all
wavelengths will develop broadband reflection for a specific regime of the electromagnetic
spectrum. Such a phenomenon is observed in the anisotropically reflecting ventral scales of the

Chinese Cobra (Naja atra). The results are further discussed in Chapter 5.

Figure 2.6: A Multilayer system with multiple interfaces developing constructive interference of
light is optimized for (a) high reflection at specific wavelengths and (b) broadband reflection for
a wavelength range. To develop high reflection for specific wavelength layer thickness is kept
uniform. However, variation of this thickness will result in the reflection of light with a specific
wavelength in accordance with the width of the subsequent layer. The combination of the reflected
light might result in the formation of structural white.

Reflection at thin film and multilayer interfaces mostly depends on the angle of incidence.
The interaction with visible light can result in a specific color depending on the layer thickness
or white color when the layer thickness is varied in a multilayer pack. Interestingly high
broadband reflection or white color can be also achieved in visible light through uniform

scattering. Light scattering is described in the next section.

2.2.3 Scattering of light

The phenomenon of light scattering is explained as the deflection of light from its original
direction of propagation due to the interaction with a scattering center. In general, scattering is of
two types- elastic and non elastic scattering. Elastic scattering occurs when the sum of kinetic

energy before and after the interaction remains constant. In inelastic scattering part of the energy
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is converted into excitation energy. In this thesis, only elastic scattering is considered. The size
of the scattering center in comparison with the incident light is important in describing the type
of scattering.

Rayleigh scattering occurs when light interacts with small particles (about < 1—10/1) in
comparison with the wavelength. It is highly wavelength-dependent and the intensity is
proportional to %4 Rayleigh scattering in a medium is limited to the short wavelength of light. In

Mie scattering particle size is comparable to the wavelength of incident light. When particle size
exceeds lambda, scattering is independent of wavelength. Geometrical optics is applied when the
diameters of scattering particles are much larger than the wavelength (about 10A). Often
dimensionless size parameter x is used to define the type of scattering.

_2nmr 2.20
=T

where r is the radius of the scattering particle. For
x « 1, Rayleigh scattering
x > 1, geometrical optics

~ 1, Mie scattering

2.3 Materials
2.3.1 Snake scale

This thesis explores the underlying physics of the nano- and micro-structures in the snake scales,
which optimize specific mechanical and optical properties in them. Several speculations were
made on the functionalities of these structures. Therefore, the scales of numerous snake species
from different geographical locations, habitats, and families were investigated to validate the
assumptions. Snakes molt their scales regularly every three to four months. Thus abundant
experimental samples were available without harvesting the living reptiles. No shakes were
harmed while carrying out these experiments. The molted scales from captive shakes were
collected by Guillaume Gomard from the Zeiss Innovation Lab @ KIT thanks to the contribution
of different snake keepers (see details in Acknowledgments).

Ventral and dorsal scales of thirty-two snake species from different geographical
locations, and habitats belonging to six different families were analyzed. Scales found on the
back, abdomen, and eyes of the snake are called dorsal, ventral, and spectacle scales respectively.
Snakes display a wide variety of habitats ranging from terrestrial, fossorial, arboreal, and semi-

aquatic to aquatic. Most of the investigated scales belong to terrestrial species; however, scales
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of arboreal species (C. hortulana) as well as of semi-aquatic species (N. tessellata) were also
studied, altogether covering a broad range of habitats. Binomial and common names of all the
investigated snake species along with their geographical locations and families are summarized
in Table 2.1.

Table 2.1: Overview of the investigated species with their geographical locations, family, and habitat.

Geographical
Binomial name Common Name Family Location of Habitat
Origin
Western
Crotalus atrox Diamondback Viperidae Terrestrial
Rattlesnake
] Eastern Corn . . ]
Pantherophis guttatus Colubridae North America Terrestrial
Snake
Sisturus milarius Dusky Pygmy o )
) Viperidae Terrestrial
barbouri Rattle Snake
Crotalus lepidus Banded Rock o ]
. Viperidae Terrestrial
klauberi Snake
Corallus hortulana Amazon Tree Boa Boidae South America Arboreal
Zamenis situla European Ratsnake Colubridae Terrestrial
Natrix tessellata Dice Snake Colubridae Semi-aquatic
Malpolon _ ~ Europe _
Montpellier Snake | Psammophiidae Terrestrial
monspessulanus
Vipera ursinii Hungarian o )
o ) Viperidae Terrestrial
rakosiensis Meadow Viper
] Common European o ]
Vipera berus . Viperidae Terrestrial
Viper
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Vipera aspis Asp Viper Viperidae Terrestrial
Vipera seoanei Seoane’s Viper Viperidae Terrestrial
Vipera lotievi Lotiev’s Viper Viperidae Terrestrial
Eastern Europe
] ] ] Armenian steppe o .
Vipera eriwanensis ) Viperidae Terrestrial
Viper
. . . L. Western and )
Vipera renardi Steppe Viper Viperidae ) Terrestrial
Central Asia
Parias schultzei Schultze’s Pitviper Viperidae Arboreal
Tropidolaemus North Philippine o
o Viperidae Arboreal
subannulatus Temple Pitviper
Trimeresurus o o o Asia
Philippine Pitviper Viperidae Arboreal
flavomaculatus
Trimeresurus o o
] Hon Son Pit Viper Viperidae Avrboreal
honsonensis
Naja atra Chinese Cobra Elapidae Terrestrial
Antaresia perthensis Pygmy Python Pythonidae Terrestrial
Aspidites ramsayi Woma Python Pythonidae Oceania Terrestrial
Morelia spilota Carpet Python Pythonidae Mostly arboreal
Africa and
o o south-west )
Bitis arietans Puff Adder Viperidae ) Terrestrial
Arabian
Peninsula
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. . Northeast African o )
Echis pyramidum ] Viperidae Terrestrial
Carpet Viper
Africa
Spalerosophis diadema Diadem Snake Colubridae Terrestrial
Python regius Ball Python Pythonidae Terrestrial
o West African o ) ]
Bitis rhinoceros ) Viperidae West Africa Terrestrial
Gaboon Viper
Bitis parviocula Ethiopian Viper Viperidae East Africa Terrestrial
- Many Horned o ) )
Bitis cornuta ) Viperidae South Africa Terrestrial
Viper
Bitis rubida Red Adder Viperidae South Africa Terrestrial
Bitis armata Southern Adder Viperidae South Africa Terrestrial
2.3.2 Keratin

Snake scales are mostly composed of a-keratin and B-keratin [136]. Keratin also known as
scleroprotein is a type of fibrous protein. Scales, hair, nails, feathers, horns, claws, hooves, and
the outer layer of skin of some vertebrates are composed of keratin. The refractive index of keratin
is around 1.55. Thus the snake scales are transparent in the visible light. However, the multicolor
observed on different snake scales is created by the pigments or due to the interplay of light
(mostly reflecting white scales) with the nano- and micro-structures embedded within the scales.
2.3.3 Melanin

The dorsal scales of the most analyzed shake scales were darker in color. In addition to
camouflaging, the thermal melanism hypothesis predicts an ecological advantage of dark-colored
animals in cold environments [71-74]. Enhanced growth rate, better body condition, longer
activity, improved locomotion performance, and even higher fertility in the female ones are found
in dark-colored snakes [79-82]. Snakes contain melanin within their scales. Thus it is assumed
that the dorsal sides of snakes appear darker in color due to the absorption of melanin embedded
within their scales. Melanin is an indole bichrome which is mostly responsible for the dark
coloration of the brown and black scales [118]. Melanin has a broadband absorption spectrum in

visible light.
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2.3.4 Blue bee

The blue hairs of the female carpenter bee (Xylocopa caerulea) of the family Apidae were
analyzed in this thesis. The blue hairs are mostly found on the head, thorax, and parts of the
abdomen. Carpenter Bees of the genus Xylocopa often have bright-colored bodies and/or wings
[94]. This vibrant color is important for their intraspecific recognition [94]. For the analysis, the

bees were commercially purchased from an online shop [145].

2.3.5 Sample preparation

2.3.5.1 Snake scales

Molted scales were initially cut into small pieces and fixed on a glass substrate with two-
component glue (UHU GmbH & Co., Germany) for the AFM imaging. For the SEM and CA
measurements, the scales were attached to a silicon substrate with conductive adhesive tape
(Fotostrip, Tesa AG, Germany). Some of them were also attached to glass substrates with the
same glue. The internal structures of some of the scales were also analyzed. To image the scale
cross-section, the scales were initially cut with a sharp razor blade. While cutting the scales the
blade was not scratched over the scales; rather they were pressed on the scales to divide them into
two halves. Through this process, the possibility of developing artifacts during sample preparation
could be reduced by manifolds. The cross-section of snake scales was later fixed on a paper clip
for imaging with the SEM. Temperature (21°C — 23°C) and humidity (50% - 70%) were well

controlled during storage and measurements of all samples.

2.3.5.2 Blue hairs of female carpenter bee

The blue hairs were plucked from the head, thorax, and abdomen of the female carpenter bee with
tweezers for optical microscopy, SEM imaging, and microphotometry analysis. For the imaging
and spectroscopic analysis with microphotometry, the hairs were collected on a PTFE, Teflon foil
which was wrapped around a glass slide. During the SEM imaging, the hairs were attached to the
glass slide using two-component glue (UHU GmbH & Co., Germany). Similar to the snake scales
internal structures of the hairs were also imaged with the SEM. Initially, the hairs were cut with
a sharp razor blade and were later glued on the edges of a glass slide with two-component glue
(UHU GmbH & Co., Germany) on the edges of a glass slide for imaging with the SEM. The hairs
were attached in such that one half of the hair was attached to the glass and the other half was

freely hanging in the air. Therefore, the cross-sections of the hairs were easily imaged.
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2.4 Replication of snake scales

Some of the snake scales were replicated to validate the optical response of their nano- and micro-
structures. A soft lithography technique using polydimethylsiloxane (PDMS) mold was used to
fabricate replicas in polymethylmethacrylate (PMMA) material [119-120]. A schematic diagram

of the replication process is displayed in Figure 2.7.

First, the scales were cleaned carefully with pressurized air. The samples were later
attached to a silicon wafer with a double-sided adhesive tape (Fig 2.7a). A mixture of Sylgard
Silicone Elastomer 184 and Sylgard Curing Agent 184 was prepared in a ratio of 10:1. The
mixture was stirred evenly. To remove the air bubbles introduced due to stirring, the mixture was
placed into an evacuated desiccator for 40 minutes. The wafer with the attached snake scales was
collected into an aluminum container and the mixture was slowly poured on the snake scales (Fig
2.7b). In the next step, the aluminum container together with the mixture and wafer was carefully
placed on a hot plate. The mixture was cured for 10 hours at a constant temperature of 45°C. This
prevented the snake scales from damaging. The hardened mold was separated from the snake

scales and was cleaned by an ultrasonic bath with isopropanol. This removed the scale’s remnants.

(@) (d)
Pl

(b) | l

Heat uUv

(c)

Replica

Figure 2.7: Schematic image of the soft lithography process. The snake scale structures are
imprinted on PMMA replicas using a PDMS mold. (a) Snake scale with structures on the surface.
(b) The mixture of Sylgard Silicone Elastomer 184 and Sylgard Curing Agent 184 is poured onto
the scale surface. (c) The snake scales are peeled off from the PDMS after hardening the mixtures
on a hot plate at 45 °C for 10 hours. (d) A PMMA droplet is dripped on the PDMS mold and is
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pressed to avoid air bubbles. PMMA droplet along with the PDMS mold is allowed to cure for 24
hours. (e) Finally, the polymeric replica with a micro-fibril structured surface is acquired
removing it from the PDMS mold.

A droplet of PMMA was dripped on the PDMS mold and a glass slide was carefully pressed
into the PMMA droplet to avoid air bubbles on the resulting replica (Fig 2.7d). The PMMA was
allowed to cure for 24 hours at room temperature. The snake scale replicas were finally obtained
after separating from the PDMS mold (Fig 2.7¢e)

2.5 Surface characterization

2.5.1 Scanning electron microscopy

Snake scales, nano- and micro-structured polymeric foils, and hairs of blue carpenter bees were
investigated by scanning electron microscopy (SEM). Both surface topography and the internal
structure of the snake scales and bee hairs were analyzed. In a SEM, the sample is hit with the
electrons emitted from an electron gun. These electrons interact with the sample surface and
generate secondary electrons. These secondary electrons are collected by the detector to give a
depiction of the surface. In this thesis, all the samples were imaged using a Zeiss Supra 60 VP
SEM.

Electrons emitted by the cathode, pass through a hollow cylinder called the Wehnelt
cylinder. Inside the cylinder, the electrons are accelerated by a voltage of 0.5 to 30 kV. The
smallest beam cross section near the anode has a diameter of around 10-50 um [122]. This spot
size is too large to produce a sharp image. Therefore, the crossover is demagnified by the lens
system consisting of one or two condenser lenses, apertures, and an objective which results in a
reduced beam spot size of about 5-10 nm. The sample is placed on a stage below the microscope
column. The sample surface is scanned line by line by beam deflection coils. Two deflection coils
for x- and y- deflection are placed in front of the objective lens. Electrons interact with the sample
and generate backscattered electrons, secondary electrons, cathodoluminscence/x-rays, Auger
electrons, elastically scattered electrons, unscattered electrons, and inelastically scattered
electrons. Information concerning the surface topology is contained in the low-energy secondary
electrons. These electrons are collected by a detector located laterally above the specimen and an
image of the surface is created. The microscope column and specimen chamber are evacuated to
reduce the spreading and attenuation of the electron beam by gas molecules. Non-conductive
samples suffer charge effects; therefore, non-conductive samples are often coated with an
electrically conductive metal (mostly Ag or Au) to obtain high-resolution images. In this study,

nonconductive snake scales, polymeric foils, and bee hairs were sputtered with silver at 45 mA
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for 120 seconds which is assumed to develop a 10 nm thin layer of Ag on the sample surface. To
visualize the internal arrangement of snake scales and hairs of blue carpenter bees, the samples
were initially cut with a sharp razor blade. Later the cross section was sputtered with Ag to
develop a 10 nm thick Ag coating which is necessary for the imaging. The cross sections were
then imaged using SEM.

2.5.2 Atomic force microscopy

Atomic Force microscope (AFM) is one of the most indispensable and versatile tools for nano-
scale imaging and tribology-related analysis. Alongside 3D topological imaging, AFM can be
also used to measure contact (adhesion) and lateral forces (friction) [123-124]. SEM images
provided a 2D depiction of the sample. Therefore AFM was further used to visualize the surface
morphology in 3D. The AFM experiments were conducted with the Dimension Icon AFM from
Veeco Inc., USA. The cantilevers, All-in-one-Al were purchased from BudgetSensors [143]. A
schematic image of the AFM working principle is illustrated in Figure 2.8.

. Laser
Mirror

Photo-diode,
A

c|pD

3 Cantilever

Computer | Sample

L Scanner
X (x-y-2)

Controller

Figure 2.8: Working principle of an AFM. A cantilever with a sharp tip at one end records the
bending (topography) or twisting (lateral force measurement) of the structured surface.
Deflection of the cantilever (bending for topology and twisting for lateral force measurement) is
recorded following the movement of the laser-focused on the backside of the cantilever. The laser
is later guided into a photodiode and is finally presented on a screen. Figure has been adapted
from [125].
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Usually, a sharp pyramid-structured tip is attached to the end of a cantilever which
measures the surface topography and lateral force of the sample. The laser beam is focused on the
backside of the cantilever tip. The reflected laser beam is calibrated at the center of the
photodiode. This laser beam detects the deformation of the cantilever (bending for topology and
twisting for lateral force measurement) which is further modified to determine useful information.
Initially, the sample is placed on a stage equipped with a controlled x-y-z scanner. The cantilever

tip is then brought into contact with the sample surface.

(a) No bending (b) Vertical bending (¢) Twisting
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Figure 2.9: Deflection of cantilever leading to the displacement of laser on the photodiode. The

laser focus on the backside of the cantilever is reflected onto the photodiode. (a) Before the
deformation of the cantilever, the laser was at the central position of the photodiode, usually the
state before initiating the measurement (b) The laser moves down with the cantilever vertically
bending-associated with the topology measurement (c) The twisting of the cantilever causes the

laser to move to the left-associated with the lateral force measurement. Figure has been adapted

from [124].
M

Trace

Lateral Signal

Retrace

I - higher frictional areas

Figure 2.10: The principle of AFM tip measuring the lateral force (friction). The black areas
represent the regions with higher friction in comparison with the white areas. When the AFM tip
scans from the low friction area to the high friction area, the higher lateral signal is recorded as

the tip twists more on the black regions (higher frictional areas). The frictional force of these two
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regions can be compared by calculating the differences in lateral forces in trace and retrace
directions. Figure has been adapted from [124].

An AFM can be run in several modes. In this thesis tapping and contact mode of the AFM
were explored for the snake scales analyses. In contact mode, the cantilever continuously scans
over the specific region of interest, and in tapping mode, the cantilever oscillates above the
surface. When the cantilever is at rest, the cantilever neither bends nor twists (Fig 2.9a). No
measurements are conducted in this stage. During the topography measurements, the bending of
the cantilever is recorded. A vertical movement of the reflected laser beam is recorded on the
photodiode (Fig 2.9b). During the lateral force measurements, the torsion (twisting) of the
cantilever is recorded. The reflected beam on the photodiode moves laterally indicating the torsion
of the cantilever (Fig 2.9c).

The basic principle of frictional force measurement using AFM is based on the lateral
twisting of the cantilever. When the cantilever scans even over a homogeneous surface, its torsion
is different in two different scanning directions [124]. In Figure 2.10, lateral force measurements
on low and high-friction surfaces are shown. In contact mode, the cantilever twists while scanning
over the sample surface. The twisting of the cantilever is larger when it measures on a high friction
region in comparison with the low friction area. This increases the lateral signal. Such torsion is
also observed when the scanning direction is reversed. Each scanning cycle of trace and retrace
is called a friction loop [126]. Therefore, by calculating the lateral force difference associated
with the twisting of the cantilever, the frictional force of a surface can be evaluated.

AFM records the torsion of the cantilever in terms of lateral signal. Therefore, a calibration
procedure is needed to be introduced to convert deformation signals (deflection and torsion) to
corresponding force (normal load and friction) [127]. Over the years, several force calibration
methods have already been proposed [127-131]. In this work, the calibration procedure proposed
by Schwarz et al. has been adopted [131]. In this method, deflection sensitivity and spring
constant are crucial parameters for force calibration with which the normal load and friction force

can be calculated as

C 2.21
Fioad = (S_Z> - (Uyer — Ugis)
ver
3C;or ( 1 ) 2.22
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fric (4Lzl) msver ( Ulat)
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Uper - a set point which can be set manually

Ugis - threshold voltage at which the normal load is calibrated to be zero

AU, - voltage difference lateral signal in trace and retrace

Sper - deflection sensitivity of the cantilever

m - correcting parameter of the displacement-dependent voltage between the laser

moving in vertical and lateral directions in the photo-diode

c, - spring constant

Cror - torsional force constant

L - length of the cantilever

l - length of a tip at the cantilever end

For a cantilever with length L, width w, and thickness [, Young’s modulus E and torsional
modulus G are given by
Et*w 2.23

Z7 43

under the condition t < w, the torsional force constant is
Gwt? 2.24

tor = "3
Combining Equations friction force can be rewritten as.
3GL 1
Fgric = ( El Cz) . <msver) -(AUjq)

In this work, E = 1.69 x 10''N/m? and G = 5.09 x 101°N/m? are collected from [131]. L

and [ are adopted from the BudgetSensors [143], m is calibrated by the experimental followed in

2.25

[131]. Syer, C, and Ug;s are determined from the thermal tune method integrated into the
corresponding AFM software before every measurement. AU;,, is calculated from the AFM
measurement results (“Friction-trace” and “Friction-retrace” signal in the corresponding AFM
panel). Determining the values of all these parameters, the normal load and its corresponding
friction force can be calibrated. During the analysis of every measurement, the obtained friction
force is plotted versus the applied normal load. The friction coefficient is later calculated by

calculating the slope of the curve.
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The adhesion of a surface can be measured using the AFM by recording the force-distance
curve [132]. Initially, the cantilever is fixed in x and y positions; then it is ramped in the z-direc-
tion. When the the tip reaches the sample surface the spring constant and deflection sensitivity of
the cantilever are further explored to calculate the force between the cantilever tip and the sample
surface. The theoretical basis of the force-distance curve is shown in Figure 2.11. In the following

figure, a pyramidal-shaped AFM tip is considered.

Force
>
=]

——
Retrace

Distance

Figure 2.11: Force-distance curve showing an AFM tip measuring the adhesion of a surface.
While approaching or retracting from a flat sample, the force on the AFM tip changes forming a
pattern. Adhesion is the maximum force required to retract the cantilever tip from the sample
surface (at D point). When the cantilever is relaxed above the sample surface (A point), the force
on the cantilever is initialized as zero (in both trace and retrace directions). Figure has been
adapted from [132].

In reference to Figure 2.11, the cantilever tip is relaxed over the sample surface during
the process from point A to B. At point B tip goes down to the surface, and the resultant attractive
forces (e.g. Van der Waals forces) between the sample surface and AFM tip pull the tip towards
the surface. This phenomenon is often called the “snap-in” of the cantilever. The cantilever
continues to force and the tip continues to move down until it reaches point C. At this point, the
force is repulsive and causes a linear deflection of the cantilever. The moving direction reverses
and the tip starts to retract from the sample surface. The process continues until the cantilever
reaches point D and the “snap-out” is initiated as the force applied to the cantilever overcomes

the tip-sample adhesion. In this process, the cantilever experiences another linear deflection in
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the opposite direction. Finally, the tip moves up to the original point A, and the adhesion
measurement cycle is finished. “Trace” (marked in blue) is defined as the approaching process

from A to C and the retraction from C to A is called the “retrace” (marked in red).

2.5.3 Contact angle goniometer

Surface energy and adhesion force of solid materials can be analyzed through contact angle
measurements. As already mentioned in Chapter 2.1.2 superhydrophobic surfaces show self-
cleaning properties; therefore, contact angle measurements were conducted on snake scales in
correlation with the nano- and micro-structures often found on their scale surface. The
measurements 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.

Initially, the samples were horizontally placed on a motion-controlled platform (x, y, and
z direction). A deionized water droplet with a defined volume was dispensed on the sample
surface with an actuator-driven syringe. The contour of the liquid and sample surface was
extracted and analyzed during the dripping of the water droplet on the sample surface. The

droplets were illuminated from the backside and were recorded by a camera during the process.

2.6 Optical microscopy and spectrophotometry

2.6.1 Optical microscopy

As already mentioned in the introduction, nanopores are found inside the hairs of the female
carpenter bee which interact with the visible light to increase the reflection. Initially, the hairs
were imaged with an optical microscope to assess the light-scattering abilities of the hairs in the
visible regime. For the imaging microscope, Axioscope 5/7/Vario equipped with the Axiocam
305 color camera and the software ZEN core V 3.0 (all from Carl Zeiss Microscopy GmbH) were

utilized.

2.6.2 UV-Vis-NIR spectrometry

Optical responses of the nano- and microstructures found on the snake scales were recorded using
LAMBDA Ultraviolet-Visible-Near Infrared (UV-Vis-NIR) Spectro-photometer 950 from Perkin
Elmer. The setup is equipped with a Spectralon® coated 150 mm integrating sphere. The setup
uses a Deuterium light source for the ultraviolet (UV) and a halogen light source to emit visible

(Vis) and near-infra-red (NIR) light. Thus the nominal spectral range is in the regime of 175 to
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3300 nm. During the transmittance measurements, the spectrometer was calibrated by defining
the transmittance in the air without placing any sample between the detector and the light source
as 100% transmittance. The reflectance measurements were normalized with a diffuse reflectance
standard Spectralon® from Labsphere.

During the measurement, a broadband light is initially guided through a slit. The light is
then separated into different wavelengths using a movable diffraction grating. Thus the output
light beam can be controlled by positioning the grating accordingly. Light of a specific
wavelength is then incident on the sample using various mirrors. In conjunction with the
integrating sphere both diffusive and total (diffusive + specular) or absolute light reflectance R,
transmittance T can be measured. For separate measurements of transmittance T and reflectance
R Kirchhoff’s relationship applies as [144]

R+T+A=1 2.26
(a) (b)
Sample ample
\ Detector

Figure 2.12: Integrating sphere with the sample placement for (a) transmittance and (b) reflective
measurements. The intensity of transmitted and reflected light is uniform for any spatial angle
due to the multiple scattering at the inner walls.

The experimental setup for transmittance and reflectance measurement is presented in
Figure 2.12. For transmittance measurements, the sample is placed in front of the integrating
sphere and the light passing through the sample is collected on the detector (Fig 2.12a). During
the reflection measurement, the sample is placed at the exit port of the integrating sphere (Fig
2.12b). The light inside the sphere is scattered multiple times by the diffusive white walls of the
sphere. Thus intensity inside the sphere becomes uniform at any spatial angle due to multiple

scattering events.
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2.6.3 Micro-photometry

Reliable measurements can be ensured with the UV-Vis-NIR Spectro-photometer. However,
beam spot size could be reduced only in the range of 1mm. Therefore, for further reduction of
spot size, micro-photometry was applied utilizing a microscope from Leitz Wetzlar, Germany.
Xenon lamp was used to illuminate the sample. The tool was used to measure the reflectance of

blue hairs of a female carpenter bee.

Incident light passes through a beam splitter and focuses on the sample through a 100X
objective with a numerical aperture of NA=0.95. Light reflected from the sample is then collected
with the same objective. Impinging upon the beam splitter half of the light is directed towards a
CCD camera (Ul 3590 CP-C-HQ-R2, IDS, peye), and the rest half is collected by a spectrometer
(Ocean Insight QP AvaSpec-HS2048, Avantes, UK) via optical fiber (Avantes, UK). Layers of
PTFE, Teflon foil was wrapped around a transparent glass slide. This wrapped glass slide was
later used as a reference. The reference of this PTFE, Teflon foil wrapped around a glass slide

was normalized as 100% reflection.
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3 Multifunctionality of the Ventral and Dorsal

Scales of Snakes

Snakes live in a wide variety of habitats, climates, and geographical locations. Interestingly, they
optimize their ventral and dorsal scales to achieve multifunctional properties such as locomotion,
thermoregulation, light scattering, color enhancement, water harvesting, developing anti-
contaminating surfaces, and even sound production [35, 44-59, 62, 64-70]. They develop different
nano- and micro-structures on or within the scales to achieve such properties. Focusing on
locomotion, snakes optimize their ventral scales by growing different nano-structures on the scale
surface to ease their locomotion [44-57]. These structures help them to achieve both frictionally
anisotropic and frictionally isotropic surfaces which assist them in movement. Generally, snakes
locomote using four different gaits- lateral undulation, sidewinding, concertina, and rectilinear.
A snake can utilize all four locomotion traits depending on the habitat and requirements. Thus it
is challenging to classify snakes based on their locomotion traits. In this chapter, a study is made
on different nano-features on the scale surface in correlation with the locomotion traits of snakes.
Following the previous studies [44-57], the results of this chapter further confirm that the surface
textures optimize the locomotion of snakes. In general, a similarity is found in the nano-structures
on their ventral scales. However, many differences are observed in the textures of their dorsal
scales. A wide variety of structures with their dimensions ranging from nano- to micro-meter
scale is found on their dorsal scale surface. In this chapter, a detailed analysis is also presented on
the dorsal scales to understand how these nano- and micro-structures assist snakes to achieve
multifunctional properties. The results indicate a universal function of ventral scales in assisting
locomotion as well as diverse dedicated functions such as cleaning contaminations or reducing
optical transmittance for dorsal scales. A short description of the snake species their families,

habitats, and geographic locations were already presented in Chapter 2.

Snake scales have been studied for years to understand their multi-functionalities [34-59,
62-70]. Inspired by these properties, Weibin Wu started his investigations on snake scales in 2016
[142]. As the snakes molt typically every 3-4 months, not enough samples were available to
finalize his study. With the availability of scales belonging to snake species from different
geographical locations and habitats, | started my study in 2020 for further investigations. In this
study, many physical theories are predicted to explain the functionality of these scales. The
theories are validated through in-depth analysis of numerous snake species from different habitats

and geographical locations. Therefore, in Chapters 3 and 7 some results have been adapted from
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the thesis of Weibin Wu to summarize the findings [142]. At the end of these chapters, the results

adapted from Weibin Wu’s thesis are mentioned.

3.1 Images of scale ornamentations found on the ventral side

The nano-features frequently found on the ventral scales of snakes are often optimized for their
locomotion [44-51, 55-57]. Generally, snake locomotion is divided into 4 types- lateral
undulation, sidewinding, concertina, and rectilinear. Interestingly, some snakes can follow all four
traits; however, sidewinders mostly restrict themselves to the sidewinding gear. Thus, Reiser et
al. tried to classify snakes into sidewinding and non-sidewinding groups [57]. They observed
distinctive features on the ventral scales specific to sidewinder and non-sidewinders. Being
inspired by this study a detailed analysis is presented in this work on the ventral scales of snakes

in correlation with their locomotion traits.

In Figures 3.1 and 3.2, SEM images of the ventral scales of investigated snake species
are presented. SEM images belonging to snake species originating from North- and South
America, Europe, and Western Asia are shown in Figure 3.1. Whereas, SEM images of shake
species endemic to Asia, Oceania, and Africa are presented in Figure 3.2. Nano- and micro-
structures are observed on the ventral scales of most snake species regardless of their geographic
location or habitat. An exception is the flat surface topography without any prominent nano-
pattern found on the scales of E. pyramidum (Fig.3.2j). Finger-like nano-structures are observed
on the scales of most snake species. In this work, these features are defined as microfibrils. The
microfibrils are oriented from head to tail direction of the snake body. The SEM images in Figures
3.1 and 3.2 are arranged in such a way that the head of the snake points toward the right. In most
of the analyzed species, the microfibril pattern is observed. An in-depth analysis of these scales
reveals three distinct patterns in these microfibrils: parallel-oriented, willow leaf-shaped, and

hierarchical.

In reference to Figure 3.1 and 3.2 parallel oriented microfibrils are found on the ventral
scales of Figure 3.1 (a) C. atrox; (b) P. guttatus; (f) M. monspessulanus; (g) V. u. rakosiensis; (h)
V. berus; (i) V. aspis; (j) V. seoanei; (k) V. lotievi; (I) V. eriwanensis; (m) V. renardi and Figure
3.2 (@) P. schultzei and (e) N. atra. These microfibrils are quite shallow with a height of around
100 nm; however, the periodicity varies among the species. A periodicity in the range of 3-4 um
is observed on the scales of P. guttatus, M. monspessulanus, and N. atra. Increased periodicity

within the range of 5 — 8 um is observed on the scales of C. atrox, V. berus, V. aspis,
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(a) Crotalus atrox (b) Pantherophis guttatus (¢) Zamenis situla

2 >

(d) Natrix tessellata (e) Corallus hortulana (f) Malpolon monspessulanus

D ! ke

(1) Vipera eriwanensis (m) Vipera renardi

Figure 3.1: SEM images of the microdermatoglyphic patterns on the ventral scales of snake
species from North and South America, Europe, and Western Asia. Most species, i.e., (a) Crotalus
atrox; (b) Pantherophis guttatus; (f) Malpolon monspessulanus; (g) Vipera ursinii rakosiensis;
(h) Vipera berus; (i) Vipera aspis; (j) Vipera seoanei; (k) Vipera lotievi; (1) Vipera eriwanensis;
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and (m) Vipera renardi show parallel oriented microfibrils. Interestingly, the shape of
microfibrils on (c) Zamenis situla and (d) Natrix tessellata resembles a willow leaf. In difference
to the mentioned species, a ridge-like reticulate structure oriented along the longitudinal body
axis is observed on (e) Corallus hortulana. SEM images in (b) and (f) are adapted from the PhD
thesis of Weibin Wu [142]

(a) Parias schultzei (b) Tropidolaemus subannulatus (¢) Trimeresurus flavomaculatus

Figure 3.2: SEM images of the microdermatoglyphic patterns on the ventral scales of snake species
from Asia, Oceania, and Africa. Similar to some of the species presented in Figure 3.1, parallel-
oriented microfibril patterns are also found on the ventral scales of (a) Parias schultzei and (e) Naja
atra. Microfibril pattern in a shape similar to a willow leaf is observed on the scales of (c)
Trimeresurus flavomaculatus; (d) Trimeresurus honsonensis and (k) Spalerosophis diadema. The
hierarchical pattern is found on (f) Antaresia perthensis; (g) Aspidites ramsayi; (h) Morelia spilota
and (I) Python regius. A ridge-like reticulate pattern oriented along the longitudinal body axis is found

on (b) Tropidolaemus subannulatus. Nanopits are observed on (i) Bitis arietans and a flat surface with
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no apparent microstructure is found on (j) Echis pyramidum. SEM images in (e), (f), and (g) are
adapted from the PhD thesis of Weibin Wu [142]

(a) Crotalus atrox (b) Corallus hortulana (¢) Zamenis situla

0 nm

6 nm
(e) Vipera ursinii rakosiensis  (f) Vipera berus
(i) Vipera lotievi

500 nm 200inm
0 nm 0 nm

(k) Vipera renardt (1) Parias schultzet

140 nm

0 nm

6 pm

Figure-3.3: AFM images of the ventral scales of (a) Crotalus atrox; (c) Zamenis situla; (d) Natrix
tessellata; (e) Vipera ursinii rakosiensis; (f) Vipera berus; (g) Vipera aspis; (h) Vipera seoanei;
(i) Vipera lotievi; (j) Vipera eriwanensis; (k) Vipera renardi; and (l) Parias schultzei show the
parallel oriented microfibrils. Alongside microfibrils, nanoridges are found on the scales pre-
sented in (h), (i), and (I); both nanoridges and elliptical-shaped nanopits in (a), (e), (f), (9), (j)
and (k). A ridge-like reticulate pattern is found on (b) Corallus hortulana. AFM scan area 30 pm.
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V. seoanei, V. lotievi, V. eriwanensis, V. renardi. Among the investigated species, the highest
periodicity around 9 - 10 um was measured on the scales of V. u. rakosiensis. This is the most

commonly found microfibril pattern on the ventral scales.

Willow leaf-shaped microfibrils are found on the ventral scales of Z. situla (Fig 3.1c), N.
tessellata (Fig 3.1d), T. flavomaculatus (Fig 3.2c), T. honsonensis (Fig 3.2d) and S. diadema (Fig
3.2k). The length and width of these structures are in the range of 1.5 to 4 pum and 0.6 to 1.5 pm
respectively.

Reiser et al. showed that snake species showing microfibrils on the ventral scales tend to
follow non sidewinding locomotion traits [57]. Our results show that microfibrils are observed on
the ventral scales of these analyzed species. In addition, the dimensions of these structures are
comparable to the species analyzed by Reiser et al.. Thus it can be assumed that these analyzed
species are non-sidewinders as they develop microfibrils on their ventral scales. A ridge-like
reticulate structure is observed on the scales of C. hortulana (Fig 3.1e) and T. subannulatus (Fig
3.2b). These ridges are also oriented from head to tail direction of the snake body. For the scales
of C. hortulana and T. subannulatus, the width of these ridges is about 400 nm and 1.5 - 2 um
respectively. In 2010, Berthe et al. assumed that such ridges help snakes to climb (trees for
example) [52]. They further showed that the ventral scales of C. hortulana develop frictional force
anisotropy by these nanofeatures [52]. Here, the frictional force anisotropy is created due to the
difference in friction force along the longitudinal and perpendicular directions of these ridges.
High friction is observed across the perpendicular direction; whereas low friction along the
longitudinal axis. In addition to C. hortulana it is assumed that the nano ridges on the scales of T.
subannulatus are also optimized for snake climbing. As these ridges develop frictional force

anisotropy it is concluded that the snakes belong to the group of non-sidewinders.

Numerous nanopits are observed on the ventral scales of B. arietans (Fig 3.2i). These
nano-pits are about 50 nm in diameter and 30 nm in depth. This species utilizes the rectilinear
locomotion trait. These nanopits do not develop frictional anisotropy, it rather develop a frictional
isotropic surface which is fortunate for sidewinding locomotion [57]. Rectilinear locomotion
involves the reorientation of the whole ventral scale. Thus, the contribution of frictional
anisotropy by the microfibrils is probably unnecessary in this case which might result in the
development of nanopits instead of microfibrils. Thus their development on the ventral scales of

snakes showing the rectilinear locomotion traits remains an open research question.
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A flat topography is observed on the ventral scales of E. pyramidum. A previous study
reported that this species sidewinds occasionally [146]. As the species is a sidewinder, they should
not require a frictionally anisotropic surface for locomotion. Thus, it is assumed that the snake
chose to develop a flat topography instead of microfibrils on their ventral scales as it sidewinds.

(d) Naja atra

—
—— =

e S———i—

Figure 3.4: The AFM images show ridge-like reticulate pattern on (a) Tropidolaemus subannu-
latus; parallel microfibrils on (b) Trimeresurus flavomaculatus; (c) Trimeresurus honsonensis;
(d) Naja atra; (e) Morelia spilota; (h) Spalerosophis diadema and (i) Python regius. Alongside
these microfibrils, ridges are also found on the scales of the species presented in (b); elliptical
nanopits on (e) and (i). Nanopits are found on (f) Bitis arietans. When investigating the scales of
(9) Echis pyramidum, it shows a very flat surface with no prominent nano- or micro-structure.

AFM scan area 30 pm.

It is widely accepted by the scientific community that the geometry and orientation of
these microfibrils generate frictional anisotropy [44-51, 55-56]. To determine the size of the
structures in three dimensions, AFM measurements were conducted on the ventral scales. The

images are presented in Figures 3.3 and 3.4. Low friction is observed from the head to the tail
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direction. Whereas, high friction from the tail to the head direction. This frictional force
anisotropy is developed by the microfibrils which assist snakes in locomotion. In a recent study,
this property was further verified using AFM, measuring across these nano-features with a sharp
silicon cantilever [56].

Microfibrils found on the scales of Z. situla (Fig 3.3c) and S. diadema (Fig 3.4h) showed
a height of around 20-30 nm. Height in the range of 40-60 nm is observed on the scales of N.
tessellata (Fig 3.3d), V. u. rakosiensis (Fig 3.3¢), V. lotievi (Fig 3.3i), V. eriwanensis (Fig 3.3j),
T. flavomaculatus (Fig 3.4b), P. schultzei (Fig 3.3l), and N. atra (Fig 3.4d). Microfibrils on V.
berus (Fig 3.3f), V. aspis (Fig 3.3g), V. seoanei (Fig 3.3h), V. renardi (Fig 3.3k) and T.
honsonensis (Fig 3.4c) are much more prominent and a height around 80-90 nm is observed on
these species. M. spilota (Fig 3.4e) and P. regius (Fig 3.4i) showed a height of around 120-150
nm. Shallow microfibrils are observed on the scales of C. atrox (Fig 3.4a). In the AFM image
nanopits are observed alongside these microfibrils. These nanopits are about 300 nm in diameter.
The depth of these nanopits is in the range 300-350 nm which is much higher in comparison with

the ones found on the ventral scales of other snake species.

The ridge-like reticulate pattern observed on the scales of C. hortulana (Fig 3.3b) and T.
subannulatus (Fig 3.4a) showed heights around 70 and 120 nm respectively. Studies show that
these features assist snakes in climbing [52]. Such height information might reflect the locomotion
ability of different species. Interestingly such ridges were also observed on the scales of C. atrox,
V. u. rakosiensis, V. berus, V. aspis, V. seoanei, V. lotievi, V. eriwanensis, V. renardi, P. schultzei,
and T. flavomaculatus alongside the microfibril pattern. The width of these ridges varies in the
range of 300 to 600 nm. In general, these ridges are quite shallow and the height varies in the
range of 20 to 60 nm. In accordance with the microfibrils, these ridges are also oriented in head-
to-tail direction. As the width and height of the nano-ridges are comparable to the dimensions of
ridges found on the scales of C. hortulana; it can speculated that these structures also help these

snakes to climb.

In addition to the microfibrils and ridges, shallow nanopits are found on the scales of C.
atrox, V. u. rakosiensis, V. berus, V. aspis, V. eriwanensis, V. renardi, M. spilota, and P. regius.
The major axes of these elliptical nanopits are about 1.5 times those of the minor axes. These pits
are around 200 to 400 nm in diameter with a depth of about 10 to 70 nm. These nanopits generate
frictionally isotropic surfaces which assist sidewinding locomotion [57]. A snake can follow all

four locomotion gears when necessary. Thus it is assumed that nanopits on the scales might help
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these non-sidewinders in sidewinding locomotion. Similar to the SEM images, no prominent

structure is observed on the scales of E. pyramidum (Fig 3.49).

Usually length and mass of snakes have a positive relationship [133]. These physical
properties vary among the species. This study further confirms that the height and periodicity of
the microfibrils vary among the species. Microfibrils with heights of 20 nm (Z. situla) and even
as high as 150 nm (P. regius) were recorded. The physical properties (mass and length) and
dimensions of these microfibrils vary among the species. It was speculated that there is a relation
between the physical properties and microfibril dimensions. To consider the effect of both mass
and length, their ratio is plotted vs. the height of the microfibrils in Figure 3.5. The length and
mass of these investigated species are collected from the works of Feldman et al. [133].
Interestingly, an increase in microfibril height is observed with the increase in mass-length ratio.
The analysis indicates that heavier snakes develop more pronounced microfibrils. This effect

might have a direct impact on increasing the frictional anisotropy to ease locomotion.
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Figure 3.5: Height of the nanostructures vs. mass-length ratio. As a general trend, an increase

in height is observed with the increase in mass-length ratio.

Microfibrils found on the ventral scales develop lower frictional force while moving
forward and higher frictional force while moving backward. The results in Figure 3.1-3.4, indicate
that the height and periodicity of these structures vary among the species. In a recent publication,
Wu et al. showed that higher microfibril tips induce higher frictional anisotropy [56]. Therefore,
these naturally grown microfibrils with varying dimensions might have a significant effect in
optimizing locomotion. The results in Figure 3.5 indicate that the height of the microfibrils
increases with the increase in mass-length ratio. To further investigate this optimization a

comparative study is made on the frictional anisotropy of the ventral scales of some snake species
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and the mass-length ratio of the subsequent species. The frictional forces were measured on the
scales from head to tail and tail to the head direction.

Weibin Wu already analyzed the friction force of three snake species using the AFM [56].
In this thesis, the frictional force and the frictional force anisotropy of the snake scales were
measured and analyzed following the methodology established by Weibin Wu [56,142]. An AFM
tip measured against (trace) and along (retrace) the nano-features to record the topological and
frictional force information. Thus measurements were conducted both in the direction from head
to the tail (along the microfibrils) and tail to the head (against the microfibrils) direction of the
snake body. Details about the measurement technique were presented in Chapter 2, Section 2.5.2.

Morelia spilota 7

=
T

w
T

Naja atra

Frictional anisotropy
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Figure 3.6: Frictional anisotropy vs. mass-length ratio for selected snake species. The anisotropy

increases with the increase in mass-length ratio.

The comparative analysis shows that snake scales develop higher frictional force from the tail-to-
head direction (against the microfibrils) and lower frictional force in head to head-to-tail direction
(along the structure). The anisotropy is obtained by comparing the friction forces recorded against
and along the microfibrils. Here, frictional anisotropy is defined as the ratio of friction coefficient
obtained while measuring against and along the microfibrils meaning from tail to head and head

to tail direction of the snake species.

A comparative study is made on the frictional anisotropy of scales belonging to five
different snakes and their subsequent mass length ratio. Results presented in Figure 3.6 indicate
that the frictional anisotropy increases with the increase in mass-length ratio. This increase in

anisotropy is related to the increase in height of these microfibrils. The red line is not a
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mathematical curve, rather it is used to guide the reader’s eye to identify the relation between
frictional anisotropy and mass-length ratio. Results indicate that the heavier snakes optimize their
microfibrils accordingly to generate higher frictional anisotropy.

Nano-features found on the ventral scales are optimized for specific snake locomotion.
These finger-like projections defined as microfibrils are quite shallow (height around 120-150
nm) and their height and periodicity vary among the species. Interestingly, height and frictional
anisotropy of the ventral scales increase with the increase in mass-length ratio of the subsequent
snake species. Thus it further confirms that these naturally grown structures are optimized to ease
snake locomotion.

3.2 Imaging of scale ornamentations found on the dorsal side

In the previous studies, it was already suggested that snakes optimize their dorsal scales to achieve
optical, thermoregulatory, water harvesting properties and even to produce sound [35, 62, 64-70].
Therefore, the surface topography of dorsal scales of investigated snake species was also
examined to understand if the nano- and micro-structures are optimized to achieve any specific

functionality.

Much diversity is observed in the dorsal scale pattering. The geometry of these structures
varied a lot among the species. The SEM and AFM images are presented in Figures 3.7, 3.8, 3.9,
and 3.10. Ridge-like reticulate patterns are observed on the scales of C. atrox (Fig 3.7a), P.
guttatus (Fig 3.7b), N. tessellata (Fig 3.7¢), V. berus (Fig 3.79g), V. u. rakosiensis (Fig 3.7j), V.
lotievi (Fig 3.7K) and V. eriwanensis (Fig 3.71). To relate to the multi-functionality of these ridges,
a 3D depiction of these scales was necessary. Therefore, AFM analyses were conducted on the
scales of C. atrox (Fig 3.9a), N. tessellata (Fig 3.9d), V. u. rakosiensis (Fig 3.9f), V. berus (Fig
3.99), V. lotievi (Fig 3.9j) and V. eriwanensis (Fig 3.9k). The ridges are about 0.5 um in width
and show a height of around 300 - 500 nm. Such ridges are also observed on the dorsal scales of
T. subannulatus (Fig 3.8b and 3.10b). Pronounced structures with a height and width of around
2.5 um are observed on this species. It is already speculated that these ridges on the ventral side
of C. hortulana might assist snakes in locomotion; the ridges on their dorsal scales are much more
prominent. Thus it is assumed that these ridges help snakes to climb or to curl around the branches

of the trees.
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(¢) Corallus hortulana

— o — >

(b) Pantherophis guttatu.

(d) Zamenis situla (e) Natrix tessellata

Figure 3.7: SEM imaging of the dorsal scales of the snake species of North, South American,
European, and Western-Asian origin is presented. A ridge-like reticulate pattern with no
substructure is found on (a) Crotalus atrox; (b) Pantherophis guttatus; with a reticulate
substructure on (e) Natrix tessellata; (j) Vipera ursinii rakosiensis; (g) Vipera berus; (k) Vipera
lotievi; (1) Vipera eriwanensis; Canaliculated patterning with cross-hatching ribs on (f) Malpolon
monspessulanus; cross-hatching ribs with reticulate substructure on (h) Vipera aspis; (i) Vipera

seoanei (m) Vipera renardi. Polygonal juxtaposed pattering on (c¢) Corallus hortulana. Lamellate
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imbricate with echinate substructure on (d) Zamenis situla. Some of these terms to describe the
pattern types follow Reference [42].

Among the investigated species, a major type of lamellate imbricate pattern is observed
in seven species. Much diversity is found in the substructure. The echinate pattern is found on the
scales of Z. situla (Fig 3.7d and 3.9c), P. regius (Fig 3.8l and 3.10i), A. perthensis (Fig 3.8f), and
A. ramsayi (Fig 3.8g). Among these Z. situla belongs to the Colubridae family; whereas the rest
belong to the family of Pythonidae. Interestingly, a difference is also observed in their
geographical locations. A. perthensis and A. ramsayi belong to the Oceania region; however, Z.
situla and P. regius are European and African snakes. This result indicates that the micro-patterns
of snake species might be similar regardless of their difference in family or geographical
locations. Periodicity in the range of 3.5-4 um is observed for the structures found on the scales
of Z. situla and P. regius. However, much height difference is observed among these two species.
Height of 15-20 nm and 150 nm is measured on the scales of Z. situla and P. regius respectively.
An echinostriate pattern is found on the Asian shake species N. atra. These microfibrils showed

a height and periodicity around 50 to 100 nm and 3.5 to 4 um respectively (Fig 3.8e and 3.10e).

(a) Parias schultzei (b) Tropidolaemus subannulatus (¢) Trimeresurus flavomaculatus
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Figure 3.8 SEM images of the investigated snake species in Asia, Oceania, and Africa. Dome-
shaped microstructure with porous nanostructure is found on (a) Parias schultzei; and (d) Tri-
meresurus honsonensis. A ridge-like reticulate pattern with reticulate substructure on (b)
Tropidolaemus subannulatus. Lamellate imbricate pattern with echinate substructure are found
on (f) Antaresia perthensis (g) Aspidites ramsayi (I) Python regius; echinostriate (¢) Naja atra;
papillate-(h) Morelia spilota; reticulate and echinate-(k) Spalerosophis diadema. Foveated with
raised cell borders observed on (c) Trimeresurus flavomaculatus (nibble-like substructure shown
in the inset) and (i) Bitis arietans. Verrucate and polygonal juxtaposed reticulate microstructur-
ing on (j) Echis pyramidum. Microstructures found on the dorsal scales of P. schultzei, T. hon-
sonensis, T. flavomaculatus, and B. arietans are almost perpendicular to the scale's surface.

Therefore the scales were tilted by 30° while imaging.

(a) Crotalus atrox

(f) Vipera ursinii rakosinensis

— - 1 pm

8 pm
(K) Vipera eriwanensis
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Figure 3.9: The AFM images present in detail the ridge-like reticulate pattern on (a) Crotalus
atrox; (d) Natrix tessellata; (f) Vipera ursinii rakosiensis; (g) Vipera berus; (j) Vipera lotievi and
(k) Viperaeriwanensis. Polygonal juxtaposed structuring on (b) Corallus hortulana and lamellate
imbricate echinate pattering on (c) Zamenis situla. Canaliculated cross-hatching ribs are found
on (e) Malpolon monspessulanus; (h) Vipera aspis; (i) Vipera seoanei and (I) Vipera renardi.
Scan area in (b) 10 um; (d) 20 um; (c) 25 um; (@), (e), (f), (i), (j) is 30 um; (g), (h), k), (1) 40
pm

(b) Tropidolaemus subannulatus (c) Trimeresurus flavomaculatus
\ 4 nm . s R 1pm

0 nm

6 pm
(h) Spalerosophis diadema
i : ; "x ‘:: : 600 nm

= Onm

Figure 3.10: AFM images reveal the nanostructured pits on (a) Parias schultzei; (d)
Trimeresurus honsonensis; nibbles on (c) Trimeresurus flavomaculatus; ridge-like structure on
(b) Tropidolaemus subannulatus; verrucate and polygonal patterning on (g) Echis pyramidum.
Lamellate imbricate major structure with substructure, echinostriate-(e) Naja atra; papillate-(f)
Morelia spilota; reticulate and echinate-(h) Spalerosophis diadema; echinate-(i) Python regius
is observed. Scan area in (d) 10 pm; (i) 20 um; (a), (b), (c), (e), (), (g), (h) 30 pm.
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M. spilota belonging to the Pythonidae family and originating from the Oceania region is different
from A. perthensis and A. ramsayi and shows a papillate substructure. The height and periodicity
of these structures are measured to be around 250 - 400 nm and 2.5 um respectively (Fig 3.8h and
3.10f). Interestingly, both reticulate and echinate substructures with a height of 250 - 450 nm and
a periodicity of 5to 6 um are observed on the scales of S. diadema (Fig 3.8k and 3.10h).

Canaliculated patterns with crosshatching ribs are found on the scales of V. aspis (Fig
3.7h and 3.9h), V. seoanei (Fig 3.7i and 3.9i), and V. renardi (Fig 3.7m and 3.91). Much
pronounced microfibrils are observed on the dorsal side of these species. These micro-structures
have a periodicity and height of around 10-12 pm and 1 pm respectively. Alongside these parallel-
oriented microfibrils extending from head to tail direction, nano-ridges are also observed. These
ridges have a width of around 0.5 um and a height in the range of 200-500 nm. Interestingly, M.
monspessulanus from the family of Lamprophiidae show similar micro-features on their dorsal
scales (Fig 3.7f and 3.91).

In contrast to the ridges, lamellate imbricate patterns and canaliculated polygonal
juxtaposed or honeycomb-like features are found on the scales of C. hortulana (Fig 3.7c and
3.9b). These pits are 250-300 nm in depth and about 1 um in diameter. Polygonal juxtaposed
structures with numerous ridges are also observed on the scales of E. pyramidum. These ridges
have a height of around 2.5 um (Fig 3.8j and 3.10g). Dorsal scales of P. schultzei (Fig 3.8a and
3.10a) and T. honsonensis (Fig 3.8d and 3.10d) show dome-shaped micro-structures. Numerous
nanopits are observed on the surface of these micro-domes. These nanopits show a depth of 150-
350 nm when they are measured with an AFM. Foveated with raised cell borders are observed on
the scales of T. flavomaculatus (Fig 3.8c and 3.10c). These nibble-like nanofeatures observed in
addition to these primary structures are about 150-250 nm in both diameter and height. Pillar-like
structures with a height of around 30 um are observed on the scales of B. arietans (Fig 3.8i).
Microstructures found on dorsal scales of P. schultzei, T. honsonensis, T. flavomaculatus, and B.
arietans are perpendicular to the scale's surface. Therefore the scales were tilted by 30° while
imaging. The detailed classification of the major and sub-structures of the scales is summarized
in Table 3.1.

In general, nano- and micro-ridges are observed on the dorsal scales of most snake species
excluding P. schultzei, T. flavomaculatus, T. honsonensis, B. arietans, E. pyramidum, and C.
hortulana. These nanoridges found on the ventral scales assist snakes in climbing [52]. As similar
structures are found on the dorsal scales it can be assumed that these structures might help snakes

to curl around trees to avoid slipping. Phadnis et al. showed that some snakes use their dorsal
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scales for rainwater harvesting [103]. Their results further indicated that nano-ridges on their
structures assist them in water harvesting as they show high contact angles. Similar nanoridges
are also observed on the dorsal scales of most snake species. Besides, micro-structures with
comparable height and width are observed on the dorsal scales of some snake species which might
result in high contact angles. Thus the wetting properties of the dorsal scales are further analyzed

in comparison with the ventral scales to understand the effect of surface textures.
3.3 Wettability analysis of the ventral and dorsal scales

Wettability can be controlled by developing random textures on the surfaces. In nature,
different biological systems develop hierarchical nano- and micro-structures on the surface to
tailor wetting properties. In 1997 Barthlott et al. showed that micro-structures on the leaves of the
Lotus plant promote the self-cleaning properties of these leaves [11]. These micro-structures on
the leaf surface decrease adhesion force due to the reduction in contact area resulting in the
reduced surface energy [11]. This decreased surface energy results in high water contact angles
(CA) and low roll-off angles. Such high contact angles and low roll-off angles enhance the wet
self-cleaning properties of textured surfaces [11]. Topological analysis of the ventral and dorsal
scales reveals nano- and micro-structures on the surface. These structures might affect the wetting
properties of these scales. In 2019, Phadnis et al. showed that the water harvesting mechanism on
the dorsal scales of C. atrox is enhanced when in contact with the nano-ridges found on the scale
surface [101]. A high contact angle of around 120° was recorded. This high contact angle resulted

in the accumulation of water on the snake's body and enhanced the water harvesting process.

(a) 0, = 143° (b) 0, =111°

Figure 3.11: Water contact angle measurement on (a) dorsal and (b) ventral scales of Sisturus miliarius

barbouri with 1 pL droplet volume. (The figure is adapted from the thesis of Weibin Wu [142]).

Inspired by this study the wettability of the snake scales was measured to understand if

their scale textures promote wet self-cleaning or water harvesting properties. The results of CA
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measurements are summarized in Table 3.1. In general, a higher contact angle is observed on the
dorsal scales in comparison with the ventral scales. This could be attributed to the pronounced

nano- and micro-structures on their scale surface.

Figure 3.11 shows a 1 pL water droplet on the dorsal and ventral surface of S. miliarius revealing
the corresponding contact angle of 143° and 111°, respectively. The higher value found on the
dorsal scale reveals that the dorsal scale of S. miliarius is more hydrophobic than the ventral ones.
Figure 3.11 is adapted from the PhD thesis of Weibin Wu [142]

For the investigated snake species, an average CA over 140° is observed on the scales of
B. arietans and V. aspis. Such high CAs could be related to the micro-structures on the dorsal
scales. CAs around 130° to 140° were recorded on the dorsal scales of P. guttatus, M.
monspessulanus, P. schultzei, T. flavomaculatus, A. perthensis, A. ramsayi and M. spilota. CAs
between 120° and 130° were recorded on the dorsal scales of C. atrox, C. hortulana, V. u.
rakosiensis, N. atra and S. diadema. The size of the dorsal scales of Z. situla, N. tessellata, V.
berus, V. seoanei, V. lotievi, V. eriwanensis, V. renardi, T. subannulatus, E. pyramidum and P.
regius were less than 1mm. Thus contact angle measurements on these small scales could not be
conducted with the available equipment. This variation in the CAs across the species could be
attributed to the difference in nano- and micro-structures on the dorsal scales.

In general, CAs around 110° were recorded on the ventral side of the investigated snake
species. The reduced CA in comparison to dorsal scales can be attributed to the reduced aspect
ratio (ratio of the height and periodicity) of these microfibrils. Further reduced CAs were recorded
on the scales of B. arietans (59°), T. subannulatus (60°), T. flavomaculatus (97°), P. regius (98°)
and C. hortulana (98°). Water droplets spread on the ventral scales of B. arietans and T.
subannulatus the moment a droplet was dripped on the scale surface. Therefore, the results
confirm that scale ornamentations on these scales resulted in a hydrophilic surface with a low
contact angle. Hierarchical structures on dorsal snake scales are superior to the microfibril
structure found on the ventral scales. These high values suggest that some snakes carefully
decorate their dorsal scales to achieve high contact angles. However, these values are not high
enough to conclude that these structures assist snake scales to achieve self-cleaning properties.
However, these CAs are comparable to CA observed on the dorsal scales of C. atrox [101]. Thus

it can be assumed that the surface textures might help snakes to harvest water on their scales.
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Table 3.1: Overview of the measured micro-ornamentation pattern and water CAs of the twenty-

five investigated snake species, sorted by the geographic location of the studied specimens. The

terms used to describe the patterns follow the work of Price [42]. All scales featuring a

transmission peak at 250 nm are marked with an 1 (related to section 3.4).

Micro-ornamentation Water CA
. ] ] Geographic Dorsal scale
Binomial name Family range Ventral | Dorsal
Ventral Major
Subtype scale scale
scale pattern type
Parallel Ridge-like
o ) ) 110+ | 129+
Crotalus atrox Viperidae orientated reticulate -
North o 1° 4°
] microfibrils pattern
America
) Parallel Ridge-like
Pantherophis ) ) . 108 133
Colubridae orientated reticulate -
guttatus o 1° ++ 2° ++
microfibrils pattern
_ _ .| 121+
Corallus ) South Ridge-like Polygonal 9% =8 40
Boidae ) ticulat -
hortulana America reticulate juxtaposed .
patternt ++
Willow leaf
o ] Lamellate . 108 =
Zamenis situla Colubridae shaped o Echinate *
imbricatet 4°
microfibrilst
) Willow leaf Ridge-like o
Natrix . . Microfibril 108 =
Colubridae shaped reticulate *
tessellata ) ) pattern 5°
Europe microfibrilst patternt
Parallel
Malpolon . ) . Cross- 118 + 130 =
Psammophiidae orientated Canaliculated o
monspessulanus o hatching ribs | 5° ++ 7° ++
microfibrils
) o Parallel Ridge-like
Vipera ursinii o ) ) 106 £ 123 +
o Viperidae orientated reticulate -
rakosiensis o 4° 2°
microfibrils pattern
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Parallel Ridge-like
. o . . 106 +
Vipera berus Viperidae orientated reticulate - - *
microfibrils pattern
Cross-
. . o Parallel ) hatchingribs | 111+ | 141+
Vipera aspis Viperidae ) Canaliculated}
orientated and 1°++ | 4° ++
microfibrils reticulate
Cross-
. ] o Parallel hatching ribs | 107
Vipera seoanei Viperidae ) Canaliculated} *
orientated and 3°
microfibrilst reticulate
Parallel Ridge-like
) o o ) . 112 +
Vipera lotievi Viperidae orientated reticulate - *
Eastern o 1°
microfibrils patternt
Europe
. Parallel Ridge-like
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T Optical transmission peak at 250 nm

- No structure found

* Scales were too small (diameter of single scale < 1 mm) to conduct reliable measurements

++ Contact angle data collected from the PhD thesis of Weibin Wu




3.4 Optical properties of the ventral and dorsal scales

Nano- and micro-features sometimes enhance the optical properties of structured surfaces. In the
topographical analyses, both nano- and micro-structures are observed on the ventral and dorsal
scales of snakes. Therefore, the optical properties of the scales were recorded in the wavelength
range of 200-800 nm to determine if these structures respond to UV and visible light.
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Figure 3.12: Optical transmittance of the ventral scales measured in the UV and visible range.
Almost half of the measured spectra show an additional transmittance peak in the UV close to
250 nm (see arrow in (a, b)). To allow for easy comparison, all spectra showing a UV
transmittance peak are plotted for the snake species belonging to (a) Viperidae and (b) other
families. Spectra without the UV transmittance peak is plotted for snake species belonging to (c)
Viperidae and (d) other families.

Figure 3.12 presents the transmittance properties of the ventral scales. In general, the
examined scales showed transparency in the range of 70-90% for visible light. Interestingly, a

UV transmittance peak is recorded close to 250 nm for some species. To allow an easy comparison
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the optical response of the species belonging to Viperidae and other families which showed the
UV peak are plotted in Figure 3.12a) and 3.12b). Transmittance curves without the peaks in the
UV regime for species belonging to Viperidae and other families are presented in Figure 3.12c)
and 3.12d) respectively.
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Figure 3.13: Optical transmittance of the dorsal scales measured in the UV and visible ranges. For
ease of analysis, the spectra of the species showing the UV peak (black arrow) are divided into (a)
the Viperidae family and (b) other families. The spectra without UV peaks are shown in (c) for the
Viperidae family and in (d) for other families.

Most of the examined ventral scales are transparent in the visible light. However, reduced
transmittance is observed for the ventral scales of V. lotievi, C. atrox, N. atra, Z. situla, and S.
diadema. As a general trend transmittance of these scales reduced to 50% in wavelength range of
300-400 nm. It indicates that these scales are transparent even in UV light. However, a 50%
transmission cut-off is observed at higher wavelengths for M. monspessulanus (344 nm), C. atrox
(427 nm), N. atra (423 nm), and S. diadema (437 nm). This might be caused by the absorption of
melanin which could be present within the scales or reflection. The optical transmittance of the
dorsal scales of some snake species was also measured. The results are summarized in Figure
3.13. Interestingly, similar to the ventral scales, UV transmittance peaks are also observed on the
dorsal scales of some shakes. Species belonging to Viperidae and other families with the UV
transmittance peak are plotted in Figure 3.13a and 3.13b, respectively; whereas spectra without

peaks for the species belonging to Viperidae and other families are presented in Figure 3.13c and
3.13d, respectively.
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In general, the optical transmittance of the dorsal scales is lower in comparison with the ventral
scales. Transmittance is even as low as 50% for most of the scales in visible light. However, 50%
transmittance cut-off is observed for lower wavelength for the scales of P. schultzei (297 nm), T.
subannulatus (305 nm), Z. situla (307 nm), T. flavomaculatus (304 nm), and S. diadema (313
nm). It indicates that these scales are more transparent than the other dorsal scales.
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Figure 3.14: Transmittance measurement of some arbitrarily chosen scales in the air (black
line) and index-matching oil (n=1.545, red line). The UV peak close to 250 nm vanishes or
greatly reduces when measured in oil. (a) Ventral scale of T. subannulatus. (b) Ventral scale
of V. seoanei. (c) Dorsal scale of T. subannulatus. (d) Dorsal scale P. schultzei.

The overall decrease in transmittance for the dorsal scales might be caused by the
absorption of melanin. In 2020, Martinez-Freiria et al. suggested that the dark dorsal scales of
some snake species control the thermoregulation within the snake body [77]. Therefore, the results
also conclude that the dorsal scales showed reduced transmittance due to the absorption by

melanin which is fortunate for thermoregulation within the snake body [75-82].

Regardless of the body location, UV transmittance peaks are observed on both dorsal and
ventral scales of some snake species. However, these peaks are more enhanced on the dorsal
scales in comparison with the ventral scales. The topological analysis confirms that nano-pits

found on the dorsal scales are much deeper and denser in comparison with the ones found on the
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ventral scales. The highest transmittance peak is observed for the dorsal scales of P. schultzei,
which might be facilitated by the nanopits found on the scale surface with a depth of 250-350 nm
(Fig.3.5a and Fig.3.7a). However, these UV peaks are also observed on the scales which did not
show any nano-pits ( ventral scales of T. honsonensis or S. diadema). Therefore, it is assumed
that this UV peak might be a material property that might be additionally enhanced by the nano-

structures on the scale surface.
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Figure 3.15: Haze vs. wavelength measured in the range of 400-800 nm. Ventral scales which

showed microfibrils are only considered for this investigation. Much variation is observed in the

optical property which is attributed to the dimensions of these nano-patterns.

To verify this speculation, the optical transmittance of the ventral scales of T.
subannulatus (Fig 3.14a) and V. seoanei (Fig 3.14b) and dorsal scales of T. subannulatus (Fig
3.14c) and P. schultzei (Fig 3.14d) was measured in air and refractive index matching oil. The
scales were first measured in the air; then drops of index-matching oil were poured on the scale
surface. Snake scales are mostly composed of a-keratin and B-keratin [134]. Thus, an index
matching oil of 1.545 was used to estimate the refractive index of the snake scales based on the
refractive index of snake spectacles (1.5) [135]. The results show that the transmittance peaks of
all the analyzed scales reduced when measured in oil. However, it is not reduced to zero which
might be caused if the refractive index of index matching oil does not match completely with the
effective refractive index of snake scales. The transmittance peak around 250 nm is observed on
the dorsal and ventral scales of different snake species. These peaks are observed on the scales
where microfibril patterns with nanopores are observed, and it was also observed on the dorsal
scales where instead of nanopores or microfibril ridge-like structures are observed. No specific
type of surface texture can be associated with the origin of this peak. Thus it is assumed that this

UV transmittance peak is a material property that is observed in the low-pigmented scales and
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much reduced in the high-pigmented scales. It can be further concluded that UV peaks are not
observed on the darker scales as melanin absorbs highly in the UV regime [136]. In the context
of the current experiments, the results indicate that the peak around 250 nm is indeed a material
property that might be enhanced by the nano-structure on the scale surface. However, these peaks
are mostly observed in the low-pigmented scales and much reduced in the high-pigmented scales.
As melanin absorbs highly in the UV regime [136], it can be assumed that the peaks are reduced

due to the high absorption of melanin within the high-pigmented scales.

In general, scales are transparent in the visible regime. Dark-colored dorsal scales are mostly
developed due to the absorption of melanin within the scales. In reference to SEM and AFM images
diverse surface topography is found on the ventral and dorsal scales. Such nano- and micro-structures
might result in diffusive light transmission. As it is quite inevitable that the texturing on dorsal scales
will result in the diffused transmission of light, diffused transmittance of the ventral scales was only
recorded. In optics, the degree of this diffused transmittance (or reflection) is often defined as
Haze which is the ratio of diffused transmittance (or reflection) to the summation of diffused and

specular transmittance (or reflection) [137-138]

diffused transmittance
Haze = (3.1)

diffused transmittance+specular transmittance

here, the angular threshold of light diffusion is considered at 8°.

The haze property was measured on the ventral scales which showed a microfibril pattern.
The response of N. atra, Z. situla, S. diadema, M. monspessulanus, C. atrox, V. lotievi, T.
flavomaculatus, V. seoanei, V. berus, P. regius, N. tessellata, M. spilota, T. subannulatus and V.
aspis is presented in Figure 3.15a. Haze around 90-95 and 20-30% is observed on the scales of N.
atraand V. aspis in the visible light. The difference could be related to the variation of periodicity
of these microfibrils as the height of these nano-features is around 100 nm for all the examined
species. Besides, the tilted microcavities found within the ventral scales of N. atra might result in
the increased haze. A detailed analysis is made on the ventral scales of N. atra. The results are
presented in Chapter 5. It is assumed that the difference in scattering might be caused by the

difference in periodicity (varying in the range of 3-11 um) of these microfibrils.

In summary, it is demonstrated that snake scales are optimized for specific functionalities.
For example, nanofeatures on the ventral scales of most snakes assist in snake locomotion. The
pattern of these structures differs depending on the locomotion trait of the specific snake species.
Different nano- and micro-structures are also observed on the dorsal scales. Dimensions of these

structures range from nano- to micro-meter scales. The specific functionality of these structures
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is yet to be found; however, the structures on the dorsal scales showed higher contact angle
properties. However, the contact angle values are not high enough to conclude that snakes develop
self-cleaning properties on their dorsal. The nanofeatures on the ventral scales show a low contact
angle of around 110°. Lower values are observed on the scale surfaces with numerous nanopits.
Hydrophilic properties might be observed on the scales, but it should not be very effective for the
snakes as the ventral scales are in constant contact with the ground or trees. In general, the ventral
scales are transparent in the visible light. Reduced transmittance is observed on the dorsal scales,
which might be caused due to the melanin within the scales. In general, it can be concluded that
the snakes modify their scales to survive in their respective habitat. In addition to locomotion

snakes also modify their scales to achieve specific optical properties.

Results that have been adapted from the PhD thesis of Weibin Wu.

Ventral and dorsal scales of numerous snake species have already been studied in the PhD thesis
of Weibin Wu [142]. To validate assumptions some of his results are also presented here. SEM
images of the ventral scales of Pantherophis diadema (Fig 3.1b), Malpolon monspessulanus (Fig
3.1f), Naja atra (Fig 3.2e), Antaresia perthensis (Fig 3.2f), and Aspidites ramsayi (Fig 3.2g) and
contact angles of the ventral and dorsal scales of Corallus hortulana, Vipera aspis, Malpolon
monspessulanus, Pantherophis guttatus, Antaresia perthensis, Aspidites ramsayi, Morelia
spilota, and Naja atra have been reproduced from the PhD thesis of Weibin Wu [142]. In addition,
contact angles of the ventral scales of Bitis arietans and dorsal scales of Spalerosophis diadema

have been reproduced from his thesis [142].

A shortened version of this chapter was published as the conference proceeding "On the struc-
tural and optical properties of the Hungarian Meadow Viper (Vipera ursinii rakosiensis)" by KM
S. Reza, W. Wu, M. M. Romel, R. Thelen, G. Gomard, H. Holscher, Proc. SPIE 12481, Bioinspi-
ration, Biomimetics, and Bioreplication X111, 1248106 (2023)

A shortened version of this chapter will be published as the article, "On the multi-functionality of
snake scales: structural properties, wettability, and spectral transmittance of dorsal and ventral
scales by the example of twenty-five snake species" by W. Wu*, KM S. Reza*, F. Buck, S. Yu, R.
Thelen, H. Hoélscher, G. Gomard (*both authors equally contributed)
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4 Nanopores Creating Broadband Reflection in

Snake Scales

Ventral scales of the snakes are often optimized for efficient snake locomotion through evolution
[44-57] and the results presented in Chapter 3 confirm that. In addition to such startling properties,
snakes sometimes optimize their ventral scales to fortunate optical and thermoregulatory
properties [58-59]. For example, some shakes living in equatorial regions with hot and humid
climates and superficially conductive substrates develop white venters [58-59]. Recent studies
reported that such reflecting white scales help snakes avoid overheating [59]. In principle, such
reflecting white scales can be produced by pigments or through light manipulation by the nano-
or microstructures. However, these previous studies do not explain the physical mechanism
through which snakes achieve such surfaces. In this chapter, the underlying physics of such white
surfaces is discussed. The properties of the reflecting white scales were compared with the
transparent or translucent scales. The results evidence that nanopores found inside the reflecting
white ventral scales scatter in the UV, visible, and near-infrared regimes. As they reflect near-
infrared light, it is assumed that these scales are optimized for efficient thermoregulation within
the snake body. In opposite to this, an amorphous structure with no nanopores is found inside the
transparent or translucent scales. Interestingly, these scales are also transparent in the UV and

near-infrared regimes.

4.1 Imaging of the ventral scales

Surface topology, internal structure, and optical properties of the ventral scales of five African
vipers of the genus Bitis are analyzed in this work. As these snakes belong to the same genus and
geographical origin, they are more closely related to each other. Among them, the Red Adder
(Bitis rubida), the Southern Adder (Bitis armata), and the Ethiopian Viper (Bitis parviocula) are
only found in South Africa. The Puff Adder (Bitis arietans) is found in South Africa and other
African countries. The West African Gaboon Viper (Bitis rhinoceros) is endemic to West Africa.
Details about the species were already presented in Chapter 2.

Investigations of the reflecting white scales of B. rubida are presented in Figure 4.1.
Photographs of the examined snake species and their ventral scales are displayed in Fig 4.1a) and
b), respectively. Molted ventral scales were placed on white paper with a printout of the KIT logo
and imaged with a digital camera. In this way, the optical properties of the scales can be easily
judged by the naked eye. The photographs confirm that the logo cannot be read through the

reflecting white scales of B. rubida. The high reflection and strong scattering of the scales hide
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the logo underneath it. To study the surface topography, SEM and AFM imaging were conducted
on the scale surface. SEM (Fig 4.1c) and AFM (Fig 4.1d) images reveal a ridge-like reticulate
pattern on the scales. These structures are oriented from head to tail direction of the snake’s body.
These ridges have a width and height of around 500 nm and 40-50 nm respectively. Similar ridge-
like reticulate patterns are also observed on the transparent or translucent ventral scales of
Corallus hortulana and Tropidolaemus subannulatus (see Fig 3.11 of Chapter 3). The width and
height of the ridges observed on the ventral scales of C. hortulana are comparable to the ones
found on the ventral scales of B. rubida. As similar patterns are found on both transparent or
translucent and reflecting white scales; it can be assumed that these nanofeatures do not scatter
light.

Figure 4.1: Photographs of (a) the snake B. rubida (b) and its reflecting white ventral scales
placed on white paper with the printout of the KIT logo. The logo is hidden by the reflecting white
ventral scales. (c) SEM (d) and AFM images of the external surface indicate a shallow ridge-like
reticulate structure. (¢) SEM imaging of the cross-section reveals the nanopores (marked with
green arrows) underneath the external surface. The red arrow indicates the air gap found between
the layers of the scales. The blue arrow indicates the external surface (f) Magnified SEM image
shows that these nanopores have a random geometry with a typical length of around 0.5 pm.
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Bitis armata Ventral scales

Bitis parviocula

Bitis arietans

(e)

Figure 4.2: Photographs of the four snake species and their ventral scales placed on white paper
with the printout of the KIT logo of (a) B. armata; (b) B. parviocula; (c) B. arietans; and (d) B.
rhinoceros. Similar to the scales of B. rubida, the scales of B. armata have high reflection in the
visible light and the logo cannot be read through these scales. However, the scales of B.
parviocula, B. arietans, and B. rhinoceros are mostly transparent or translucent and the logo is
visible through the scales.
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SEM Morphology Cross section
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Figure 4.3: SEM and AFM images of the surface topography and cross-section SEM image of
the ventral scales of (a) B. armata; (b) B. parviocula; (c) B. arietans; and (d) B. rhinoceros
Similar to B. rubida a ridge-like structure is found on the scale surface of B. armata. Microfibrils
are observed on the scales of B. parviocula and B rhinoceros. In difference, numerous nanopits
are found on the scale surface of B. arietans. In the cross-section image, numerous nanopores
are found underneath the reflecting white surface of B. armata. However, an amorphous structure
with no nanopores is observed within the transparent or translucent ventral scales of B.
parviocula, B. arietans, and B. rhinoceros.

As the surface topography images do not explain the physics behind the optical
appearance the scales’ inner structure was analyzed. They were cut with a sharp razor blade and
the cross-sections were imaged with SEM. Images of these cross sections are presented in Fig
4.1e) and f). The results indicate that these scales are double-layered with an air gap between them
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(the air gap is marked with a red arrow). Snakes usually molt their scales every 3-4 months. This
air gap might be an artifact of the molted scales which might help them during the molting process.

Interestingly, just underneath the external surface (indicated by a blue arrow), numerous
nanopores (indicated by green arrows) are found. The magnified SEM image of these nanopores
(Fig 4.1f) shows their random geometry. They are mostly oriented disorderly with no periodic
pattern. These nanopores to some extent appeared elliptical. The length of the structures was
around 0.5 pm along the major and minor axes of these ellipses.

The inner structure of the reflecting white scales resembles the structure found in white
beetles which produce their intense white color by nano-structures [139]. In 2014, Buressi et al.
showed that the nanopores found inside the scales of white beetles scatter the visible light to
develop the white surface through retro-reflection [139]. As similar nanopores are also observed
within the reflecting white scales of B. rubida, it is assumed that the reflecting white surface is
produced due to the interaction of light with the nanopores. To validate the assumption, the
topology and internal structure of the transparent or translucent scales of B. parviocula, B.
arietans, and B. rhinoceros were analyzed. In addition, the reflecting white scales of B. armata
were also investigated for further authentication. The results are presented in Figs 4.2 and 4.3,
respectively. Photographs of the snake species B. armata, B. parviocula, B. arietans, and B.
rhinoceros are shown in Fig 4.2 a), b), c), and d) respectively. The scales of the species were
again photographed on white paper with the printout of the KIT logo. The photographs indicate
the difference in optical properties of these scales that appear to the naked eye. The logo is hidden
underneath the reflecting white scales; whereas it can be easily read through the transparent or
translucent scales. Images presented in Fig 4.3 reveal the surface textures and internal structures
of these scales. Interestingly, similar to the scales of B. rubida, a ridge-like reticulate pattern is
observed on the scales of B. armata (Fig 4.3 a). Usually, such nano-ridges assist shakes in
climbing [52]. Microfibril patterns are observed on the scales of B. parviocula (Fig 4.3b) and B.
rhinoceros (Fig 4.3d). In reference to the previous studies and the results presented in Chapter 3,
it is assumed that these microfibrils assist them in locomotion [44-51, 53-57]. In addition to nano-
ridges and microfibrils, nanopits are also observed on the ventral scales of snakes [57]. Studies
confirm that such nanofeatures are optimized for sidewinding locomotion traits [57]. Similar to
the structure found on other sidewinding snakes, numerous nanopits are observed on the scale
surface of B. arietans (Fig 4.3c). In general, these structures do not enhance the reflectance
property but rather optimize the locomotion. The SEM images showing the surface textures for

the scales of B. arietans are also presented and discussed in Section 3.1 of Chapter 3.
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Cross-sections of these scales were analyzed to further validate the assumption that the
white color is produced due to light scattering by these nanopores. Similar to the internal
structures of B. rubida, numerous nanopores were found underneath the external surfaces of B.
armata (Fig 4.3a). Dimensions of these nanopores are comparable to the ones found within the
scales of B. rubida. In opposite to this, a solid structure with no nanopores (commonly defined as
an amorphous structure) is observed in the transparent or translucent ventral scales of B.
parviocula (Fig 4.3b), B. arietans (Fig 4.3c), and B. rhinoceros (Fig 4.3d). The results indicate
that nanopores are found in the reflecting white ventral scales of B. rubida and B. armata. In
contrast, amorphous structure is found in the transparent or translucent ventral scales of B.
parviocula, B. arietans, and B. rhinoceros. The results confirm that the nanopores found inside

the reflecting white scales scatter visible light to develop such surfaces.
4.2 Optical properties of the ventral scales

In previous studies, it was stated that these reflecting white venters help snakes achieve
thermoregulatory properties [58-59]. Therefore, the optical response of the scales was recorded
in the UV, visible, and near-infrared wavelength ranges to visualize the overall optical properties

of these reflecting white and transparent or translucent scales.
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Figure 4.4: Optical responses of the ventral scales of B. rubida, B. armata, B. rhinoceros, B.
arietans, and B. parviocula are recorded in the wavelength range of 300-2000 nm. Total
reflectance around 55-65% is observed for the porous ventral scales of B. armata and B. rubida
in the range of 400-1050 nm. Higher reflection is also observed in the range of 300-400 nm for

the porous scales. The reflection gradually decreases with the increase in wavelength and reduces
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to around 20% at 2000 nm. However, amorphous ventral scales of B. rhinoceros, B. arietans, and
B. parviocula show a low reflection of 8-10% in the range entire spectrum of consideration.

Reflecting white scales of B. rubida and B. armata showed total reflectance around 55-
65% in the wavelength range of 400-1050 nm. With the further increase in wavelength, the
reflection reduces to the lowest value around 20% at the wavelength of 2000 nm. Interestingly,
higher reflection is also observed for these scales in the range of 300-400 nm. It indicates that
these nanopores reflect UV light in addition to visible and near-infrared light. In opposite to this,
a lower reflection of around 8-10% is recorded for the scales of B. parviocula, B. arietans, and B.
rhinoceros in the entire spectrum of interest (300-2000 nm). The noise around 900 nm is an
artifact that is created due to the switching of the detectors of the LAMBDA 1050 UV-Vis-NIR

spectrometer (PerkinElmer Inc., USA).

In summary, nanopores are found within the reflecting white ventral scales of snakes.
These nanopores scatter light when incident upon the scales. Random geometry of these
nanopores intensifies this scattering. Thus a broadband reflection is observed due to the scattering
of light by these nanopores through retro-reflection. These reflecting white ventral scales are
found on some species living in the equatorial region. The results indicate that snakes living in
such hot and humid climates tend to optimize the thermoregulatory properties of their ventral
scales by developing these nanopores as they reflect near-infrared light. In opposite to this, an
amorphous structure is found in the transparent or translucent scales. This comparative study
evidences that the nanopores found in the reflecting white scales interact with light to develop

such surfaces.

A shortened version of this chapter will be published as the article, "Nanopores in ventral snake
scales cause white venters in the genus Bitis" by KM S. Reza, L. M. Borgmann, J. Chen, H.

Gunstheimer, R. Thelen, G. Gomard, U. Lemmer, G. Gomard, and H. Holscher.
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5 Micro-cavities Developing Anisotropically

Reflecting Ventral Scales in Snakes

Due to the limited choice of materials many creatures in nature often optimize their optical
appearance by the virtue of nano- and micro-structures. Some snakes such as the Chinese Cobra
(Naja atra) develop anisotropically reflecting ventral scales. The results presented in this chapter
indicate that numerous tilted microcavities are embedded within these anisotropically reflecting
scales. These tilted microcavities interact with visible light to achieve such surfaces. Some snakes
living in hot and humid climates prefer to develop white reflecting venters to avoid overheating
[59]. Results presented in Chapter 4 confirm that nanopores found inside these scales scatter
visible and near-infrared light to enhance thermoregulatory properties within the snake body. As
the ventral scales of N. atra also appear whitish to the naked eye; the optical properties of the
scales were recorded in visible and near-infrared regimes. Interestingly, the scales reflect both
visible and near-infrared light. This might be caused due to the interaction of microcavities with
the incident light. In opposite to this, the transparent scales do not show any anisotropic
reflectance or higher reflection in the visible or near-infrared regimes. The results verify that tilted
microcavities within the ventral scales of the Chinese Cobra develop anisotropically reflective

surfaces that reflect near-infrared light.
5.1 Topological analysis of the scales

In this work, a comparative study is made on the surface topology, internal structure, and optical
properties of the anisotropically reflecting scales of the Chinese Cobra (Naja atra) and the
transparent or translucent scales of the Carpet Python (Morelia spilota). The details of the snake
species were already provided in Chapter 2. This comparison helps to explain the mechanism

through which N. atra develops such surfaces.

The scales of the two snakes were placed on white paper with the printout of the KIT logo
in the background. Thus, the optical properties of these scales can be easily compared by the
naked eye. During the photography, the position of the camera was fixed and the scales were tilted
by 45° from head to tail and from tail to head direction of the snake body. In the photographs, the
scales are oriented such that the head of the snake points towards the right side. The scales of N.
atra are mostly brown in color (Fig 5.1a) which might be caused due to the presence of melanin

within the scales. These scales already appear whitish when photographed without any rotation.
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Reflection of these scales increases when they are tilted by 45° from head to tail direction.
Interestingly, the reflection of these scales reduces when they are tilted by 45°along the tail-to-
head direction. Reflection of the scale reduces and they appear much darker due to the enhanced
absorption by melanin within the scales.

(a) Naja atra

(b) Morelia spilota

¥

Snake species
photographs

Scales with no rotation

Scales rotated by 45°
head to tail direction

Scales rotated by 45°
tail to head direction

Figure 5.1: Photographs of snake species and ventral scales of (a) Naja atra and (b) Morelia
spilota. The scales were photographed on a white background with a printout of the KIT logo.
The reflection of the scales of N. atra varies when the scales are tilted in the direction from head
to tail direction. In the photographs, the scales are oriented such that the head of the snake points
towards the right side. In the photographs, the scales were rotated from head to tail direction and
tail to head direction. Interestingly, the reflection increases and decreases when rotated by 45°
along the head-to-tail and tail to the head direction of the shake body respectively. The red arrow
in the photographs indicates the difference in reflection appears to the naked eye when the scales
are tilted accordingly. In difference to the scales of N. atra, much-reduced reflection is observed
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for the transparent or translucent scales of M. spilota. The reflection did not vary when tilted
from head to tail or from tail to head direction.

The printout is not visible through scales of N. atra in all three of these photographs which is
caused by both light reflection by the micro-cavities and absorption by melanin. The red arrow in
the photographs indicates the difference in reflection appears to the naked eye when the scales
are tilted accordingly. In opposite to this, the logo can be easily read in all three photos through
the transparent or translucent scales of M. spilota (Fig 5.1b). The reflection of these transparent
or translucent scales does not vary when they are tilted from head to tail or from tail to head

direction.

microcavities

amorphous

Figure 5.2: SEM images of the surface topography and the cross-section of the ventral scales of
(a) Naja atra and (b) Morelia spilota. Similar to ventral scales of other species (discussed in
Chapter 3), microfibrils are observed on the scale surface. Interestingly, alternate layers of tilted
micro-cavities are found within the anisotropically reflecting scales of N. atra. In opposite to this,
an amorphous structure without any microcavities is observed in the transparent or translucent
scales of M. spilota. A thicker microcavity is found embedded deeper into the scale. The blue

arrows in the cross-section SEM images indicate the external surfaces of the subsequent scales.

To understand the underlying physics of such optical appearance the scales were analyzed
with the SEM. Figure 5.2 presents the surface topography of the scales of both N. atra (Fig 5.2a)
and M. spilota (Fig 5.2b). The microfibrils aligned along the head-to-tail direction of the snake
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body are observed on both of these scales. Here, the SEM images are oriented such that the head
points toward the right side of the images. Microfibrils found on the scales of N. atra and M.
spilota have periodicity around 3 um and 5 pm, respectively. Ventral scales of numerous snake
species belonging to different families, habitats, and geographical locations are already presented
in Chapter 3 to confirm that these nano-structures are optimized to ease snake locomotion. The

SEM images presented in Figure 5.1 are already presented in Chapter 3.

As similar surface textures are observed on both anisotropically reflecting and transparent
or translucent scales, it is assumed that the microfibrils do not develop such an optical
phenomenon. Therefore, the internal structures of the scales were further investigated. The scales
were cut with a sharp razor blade and the subsequent cross-sections were imaged using SEM. The
microscopic images show that both of these scales are about 40 um thick. In the cross-section of
N. atra (Fig. 5.2a), alternate layers of tilted micro-cavities are observed. The thickness of these
micro-cavities found underneath the external surface varies in the range of 1-1.5 um. In general,
snake scales are composed of keratin [135]. This compact structure with alternate layers of titled
micro-cavities and keratin might interact with visible light to develop such anisotropically
reflecting surfaces. To verify this assumption cross-sections of the transparent or translucent
scales of M. spilota were also imaged with the SEM. An amorphous structure with no micro-
cavities is observed in the transparent or translucent scales of M. spilota (Fig. 5.2b). However, a
cavity around 7-8 um in thickness is found deeper into the layer. As the length and thickness of
this cavity are not comparable to the wavelength of visible light, this cavity should not interact
with the visible light to modify the optical properties. The blue arrows in the cross-section images

of these scales indicate the external surfaces of the scales.
5.2 Optical properties of the scales

Generally, the ventral scales of snakes appear transparent or translucent to the naked eye.
Transmittance of most of the scales presented in Figure 3.12d) of Chapter 3 is observed in the
range of 70-90%. A reduced transmittance of around 40-45% is observed for the ventral scales of
N. atra. It is assumed that absorption by the melanin and enhanced scale reflection have resulted
in a decrease in the transmission for these scales. To visualize the optical appearance of the scales
blocking the back reflection, the bottom surfaces of the scales were painted with black ink and
attached to a glass slide. The top surface of the glass slide on which the scales were attached was
also painted with black ink. The ink was sticky enough to attach the scales on the glass slide. The
edges of the glass slide were also painted with black ink. This process allowed to measure the

reflectance of the top surface of the scale as the reflection of the bottom surface was absorbed by
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black pigment. To compare the optical properties, the process was repeated on the transparent or
translucent scales of M. spilota. The scales were characterized in the wavelength range of 400-
800 nm with a UV-Vis-NIR spectrometer. In reference to Fig 5.1, a difference in the reflection is
observed for the scales of N. atra when they are tilted from head to tail and from tail to head
directions. Therefore, the scales were rotated in accordance with the light source to record the
response of these micro-cavities. Scales attached to the black painted glass slide were attached to
the sample holder which was later collected inside the integrating sphere. As the light source of
the LAMBDA 1050 UV-Vis-NIR spectrometer (PerkinElmer Inc., USA) cannot be rotated, the
sample holder along with the scale attached glass slide were rotated from 10° to 45° with a step
of 5°, This allowed the measurement of the optical response of these microcavities when the light
is incident on the scale surface from different angles resembling the tilting of the scales in
accordance with a fixed light source.

Head to tail direction Tail to head direction
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Figure 5.3: Photographs of the ventral scales of (a) N. atra and (b) M. spilota attached on glass
slides. The bottom surfaces of the scales and glass slides were painted with black ink which was
sticky enough to attach the scales to the glass slides. The edges of the glass slides were also
painted with black pigment to avoid unwanted scattering within the integrating sphere. The
photographs (tilted by around 30°) already indicate the difference in the physical appearance of
the scales which is further enhanced due to the absorption by the rear surface. The reflectance
was measured in the wavelength range of 400-800 nm varying light incident angle from 0°to 45°
by a step of 5°. The reflection increased for the scales of N. atra with the increase in the angle of
incidence when measured from head to tail direction. However, it reduces with the increase in

incidence angle when measured from tail to head direction. In opposite to this, for the scales of
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M. spilota the reflection reduces with the increase in angle of incidence regardless of the direction

of measurement.

A total reflection of around 4% to 8% is recorded for the transparent or translucent scales
of M. spilota in the visible range. The reflection decreased with the increase in light incidence
angle when measured from both head to tail and tail to head direction. Thus no reflection

anisotropy is observed on the amorphous scales where no micro-cavities are observed.

Higher reflection is observed for the ventral scales of N. atra. The reflection varied
between 20% and 45% in the wavelength range of 400 nm to 800 nm with the variation in
incidence angle when measured from different directions. The reflection increases when
measured from head to tail direction with the increase in incidence angle. However, reflection
decreases with the increase in the angle of light incidence when measured from tail to head
direction. The overall reflection is higher when measured along the head-to-tail direction in
comparison with the reflectance recorded when measured in the other direction.

For better visualization of the anisotropic reflectance property of the scales of N. atra,
reflectance at 500 nm is plotted against the angle of incidence in Figure 5.4. The results are
compared with the optical response of amorphous scales of M. spilota for better understanding.
The reflection increases with the incidence angle when measured from head to tail direction (Fig
5.4a). However, it reduces with the increase in light incidence angle when measured from the tail
to the head direction (Fig 5.4 b). In difference to the response of anisotropically reflecting scales,
no difference in the reflection is observed with the increase in the angle of incidence for the

transparent or translucent scales of M. spilota when measured from different directions.

(a) 4 Head to tail direction (b) 4 Tail to head direction
5 T T T T T T 5 T T T T T T
40 /_—_'_ dor i
_ i Naja atra ] i —— Naja atra ]
é 35 Morelia spilota @ 3 Movelia spilota
o 30+ 1 < 30 k
£ g
g 25+ {1 & 25f 1
9 S
% 20 1 é 20 R
& 15t 1 2 15t 3
=
10 B 10
5 B 5k
0 1 1 1 1 1 1 0 1 1 1 1 1 1
10 15 20 25 30 35 40 45 10 15 20 25 30 35 40 45
Angle of Incidence (degree) Angle of Incidence (degree)

Figure 5.4: Reflectance vs. Angle of incidence at the wavelength at 500 nm for the ventral scales

of N. atra and M. spilota when measured from (a) head to tail; (b) tail to head; directions. For
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the scales of N. atra, reflectance increases with the increase in angle of incidence when measured
from head to tail direction. However, the reflection reduces with the increase in the incidence
angle when measured from tail to head direction. No difference in reflectance is observed for the
scales of M. spilota when measured from different directions.

Sometimes, snakes develop white ventral scales to avoid overheating in hot and humid
climates [59]. Results presented in Chapter 4, already confirm that nanopores found inside the
ventral scales interact with the visible light to develop such reflecting white surfaces. In addition,
these scales reflect near-infrared light possibly to avoid overheating. These nanopores have a
random geometry. In general, they are elliptical in shape with a diameter of around 500 nm. In
the scales of N. atra anisotropically reflecting surfaces are developed due to the interaction of
light with the tilted micro-cavities found underneath the external surfaces of scales. These cavities
are about 1 um in thickness. As the width of these micro-cavities is comparable to the diameter
of the nanopores found in the reflecting white scales, the optical response of the scales was also
recorded in the near-infrared light. A comparative study is made with amorphous transparent or
translucent scales of M. spilota to understand the response of these micro-cavities to near-infrared
light.
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Figure 5.5: Total reflectance of the ventral scales of Naja atra and Morelia spilota. Higher
reflection is observed for the scales of N. atra in comparison to the scales of M. spilota. This
higher reflection in the visible and near-infrared light might be caused due to the interaction of
light with the microcavities embedded within the scales of N. atra. In opposite this low reflection
of around 8-10% is recorded for the amorphous transparent or translucent scales of M. spilota
in the entire spectrum of consideration.
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In Figure 5.5 the total reflectance of the ventral scales of N. atra and M. spilota is
presented in a wide spectral range from 400 nm to 2000 nm. Reflection around 8-10% is observed
for the transparent or translucent scales of M. spilota in visible and near-infrared light. However,
a higher reflection of around 25% is observed for the anisotropically reflecting scales of N. atra
in the entire spectrum of consideration. The results indicate that microcavities found inside the
scales of N. atra reflect both visible and near-infrared light which might enhance the overall

thermoregulatory properties of the snake body.

In summary, some Chinese Cobras develop anisotropically reflecting ventral scales. This
work indicates alternate layers of micro-cavities found within the scales interact with the visible
light to develop such an optical appearance. A significant difference in reflectance is observed
when scales are tilted from head to tail and from tail to head direction. The results further show
that these microcavities reflect near-infrared light. Comparative analysis with the transparent or
translucent scales confirms that alternate layers of tilted microcavities found within the scales of

some snake species are optically responsive to visible and near-infrared light.

A shortened version of this chapter is in preparation as the article, "Micro-cavities Developing
Anisotropically Reflecting Scales in Snakes™ by KM S. Reza, M. Ahmed, G. Gomard, U. Lemmer,

and H. Holscher

74



6 Differences in Surface Topography of the

Snake Scales with the Variation in Appearance

Snakes often modify their body scales to perform multifunctional activities. Results presented in
Chapters 3, 4, and 5 discuss some ventral scale optimizations that snakes adopt to ease locomotion
and enhance optical and thermoregulatory properties within their body. Interestingly, some snakes
also optimize the dorsal scales. These cold-blooded ectotherms often appear dark in color. In
addition to camouflaging, the thermal melanism hypothesis predicts an ecological advantage of
dark-colored animals in cold environments [71-74]. However, melanistic snakes are often
vulnerable to their predators due to the increase in detectability [75-78]. However, enhanced
growth rate, better body condition, longer activity, improved locomotion performance, and even
higher fertility in the female ones are found in dark-colored shakes [79-82]. Thus a tradeoff
remains in detectability and melanism. To address this natural phenomenon, many snakes develop
a “Zigzag pattern” on the dorsal side. The scales within the zigzag pattern often appear darker in
color than the neighboring scales. In 2020, Martinez-Freiria et al. conducted an extensive analysis
of the dorsal scale within the zigzag pattern of 39 Eurasian Vipers [77]. They investigated if these
dark-colored scales within the pattern are optimized for thermoregulatory functions. Their study
stated that increased pigment concentration of the dark scales is fortunate for snakes to enhance
their heat absorption. In 2013, Spinner et al. assumed that the microstructures along with the nano
ridges found on darker dorsal scales reduce reflection resulting in enhanced thermoregulation
within the snake body [65]. However, their spectroscopic analysis does not consider the

absorption of melanin in the visible light.

For further investigations, dorsal scales of snake species showing zigzag patterns on their
dorsal side are analyzed in this work. A comparative study is made on the dark- (defined as high-
pigmented scale) and the neighboring light-colored (low pigmented scales) colored scales to
determine if the scale textures have an impact in enhancing the optical and thermal properties of
these species. The results show that nano- and micro-structures found on the scale surface differ
with the variation in pigment concentration. The height of the microstructures found on the high-
pigmented scales is higher than the ones found on low-pigmented scales. In agreement with the
previous studies, lower reflection was recorded for the high-pigmented scales in comparison with
the low-pigmented scales in the visible light. However, a higher reflection was measured on the

high-pigmented scales in comparison to the low-pigmented scales when measured in near-
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infrared light. The optical properties of the replicas prepared in PMMA material from the high
and low-pigmented scales are comparable. However, higher reflectance was recorded for the
replicas prepared from high-pigmented scales in both visible and near-infrared light in
comparison with the replicas prepared from low-pigmented scales. Therefore, it is assumed that
the enhanced micro-structures of the high-pigmented scales do not reduce reflection. Rather it

increases reflection in a broad spectrum.
6.1 Micro-ornamentation of the dorsal scales

In this chapter, the analysis results of dorsal scales of the Dusky Pygmy Rattle Snake (Sisturus
militaries barbouri), West African Gaboon Viper (Bitis rhinoceros), Ethiopian Viper (Bitis
parviocula), Many Horned Viper (Bitis cornuta), Red Adder (Bitis rubida), Southern Adder (Bitis
armata), and Puff Adder (Bitis arietans) are presented. The zigzag pattern is found on the dorsal
scales of these species. Similar to the species investigated by Martinez-Freiria et al. the scales
within the zigzag pattern are rich in melanin in comparison with the neighboring scales [77].

(a) Sisturus milarius barbouri (b) High pigmented scale
-~ » < P - s g r
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Figure 6.1: (a) Photograph of the snake species, Dusky Pygmy Rattle Snake (Sisturus milarius

barbouri). The photograph already indicates the high-pigmented scales within the zigzag pattern.
SEM images of the (b) high and (c) low pigmented dorsal scales reveal micro-cavities on the
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scale's surface. As the micro-cavities are almost perpendicular to the scale surface the samples
were tilted by 30° during the measurements. The SEM images already indicate the difference in
depth of these microcavities with the variation in pigment concentration. Microfibrils are found
within the microcavities of the high-pigmented dorsal scales; whereas nano pits are observed
within the microcavities of low-pigmented scales. (d) The AFM images of the low pigmented

reveal that the nanopits are about 800-1000 nm in diameter and 250-300 nm in depth.

In Figure 6.1, the results of S. m. barbouri are presented. The photograph of the species
(Fig 6.1a) shows the zigzag pattern on their dorsal scales. The scales within the pattern are darker
in comparison with the other scales. To further investigate surface textures the scales were imaged
with the SEM. The microscopic images show the naturally grown nano- and micro-structures on
the scales. Micro-cavities are found on both high (Fig 6.1b) and low (Fig 6.1c¢) pigmented scales.
These micro-cavities are almost perpendicular to the scale surface. Therefore, to have a better
depiction, scales were tilted by 30°while imaging. These cavities are mostly elliptical. The length
and width of the major and minor axes of such ellipses are about 20-30 um and 15-20 um
respectively. However, the depth of these micro-cavities differs with the variation in pigment
concentration. Micro-cavities found on high-pigmented scales have a depth of around 10-12 pm;

whereas the depth is 5-6 pum for the ones found on the low-pigmented scales.

In addition to these micro-structures, nano-ridges are also observed within the micro-
cavities of high-pigmented scales. These ridges are about 0.5 um thick. In difference to high-
pigmented scales, instead of nano ridges, numerous nano-pits are found on the low-pigmented
scales. These nanopits were further imaged with an AFM and the diameter and depth around 800-
1000 nm and 250-300 nm were recorded, respectively (Fig 6.1d). Therefore, a difference in the
structure of both nano and micro-structures is found with the variation in pigment concentration
of the scales. Interestingly, these differences in the nano- and micro-textures are found even on a
single scale with variation in pigment concentration. Figure 6.2 summarizes the observations on
single dorsal scales of S. m. barbouri. Here, only the upper (Fig 6.2b) and lower (Fig 6.2¢) halves
of the scales are highly pigmented and the other halves are low pigmented. Deeper micro-cavities
with nanoridges are found on high-pigmented regions of the scales (Fig 6.2a and 6.2d). However,
micro-cavities with reduced depth and nano-pits are found on the low-pigmented regions of the
scales (Fig 6.2c and 6.2f). This investigation indicates that regardless of their location on a scale
(upper or lower half) a difference in structures is observed with the variation in pigment

concentration.
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The SEM images of the high and low-pigmented scales of S. m. barbouri indicate that
the nano- and micro-structures differ significantly with the variation in pigment concentration. To
further confirm these findings, high and low-pigmented scales of B. rhinoceros, B. parviocula, B.
cornuta, B. rubida, B. armata, and B. arietans were also examined. The photographs of the snake
species- B. rhinoceros (Fig 6.3a), B. parviocula (Fig 6.3b), B. cornuta (Fig 6.3c), B. rubida (Fig
6.3d), B. armata (Fig 6.3e) and B. arietans (Fig 6.3f) show the zigzag pattern on their dorsal
scales. Similar to the scales of S. m. barbouri, high-pigmented scales are found within the zigzag
patterns of these species. SEM images of the high- and low-pigmented scales of the subsequent

snake species indicate the difference in nano- and micro-structures.

High pigmented

‘ Low pigmented

S

Figure 6.2: Photographs of the scales on a white background. (b) The upper and (e) lower halves
of the scales have a high content of melanin. SEM images in (a) and (d) indicate deeper micro-
cavities and nano-ridges on the high-pigmented regions of the scales. Micro-cavities with reduced
depth and nano-pores are found in the low-pigmented regions of the scales in (c) and (f). The
photographs and SEM images reveal that structural difference is observed with the variation of
melanin content regardless of their position in the scales (upper or lower half). As the micro-
cavities are almost perpendicular to the scale surface the samples were tilted by 30° during the

measurements.
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Photographs of the snake species Low pigmented
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Figure 6.3: Photograph of snake species, SEM images of the high and low pigmented dorsal
scales of (a) Bitis rhinoceros (b) Bitis parviocula (c) Bitis cornuta (d) Bitis rubida (e) Bitis armata
(f) Bitis arietans indicate the difference in surface textures with the variation in pigment
concentration. The scales within the pattern have a high content of melanin in comparison with
the neighboring scales. Nano-ridges are observed on the micro-domes of high pigmented scales
of B. rhinoceros, B. parviocula, B. cornuta, and B. rubida. In addition to micro-domes, nanopits
are found on the low pigmented scales of B. rhinoceros, B. parviocula, B. cornuta, B. rubida and
B. arietans. As the micro-cavities are almost perpendicular to the scale surface the samples were

tilted by 30° during the measurements.

In difference to the micro-cavities found on the scales of S. m. barbouri, dome-shaped
micro-structures are observed on the high and low-pigmented scales of B. rhinoceros, B.
parviocula, B. cornuta, B. rubida, B. armata, and B. arietans. The width of these micro-domes is
comparable among the high and low-pigmented scales. However, the height of the micro-domes
varies with the difference in pigment concentration. The height of these micro-domes found on
the high-pigmented scales is much higher than the ones found on the low-pigmented scales. Nano
pits are found on the low pigmented scales alongside the micro-domes on some of these species.
In addition to the micro-domes, nano-ridges are observed of high pigmented scales of B.
rhinoceros, B. parviocula, B. cornuta, and B. rubida. In opposite to this, nanopits are found on
the micro-domes of low-pigmented scales of B. rhinoceros, B. parviocula, B. cornuta, B. rubida,

and B. arietans.

The results indicate that the nano-and micro-features found on the scale surface differ
with the variation in pigment concentration. However, this difference is not common to all snakes
with a zigzag pattern on the dorsal side. For example, a difference in surface texturing is not found
on the high and low-pigmented dorsal scales of Rock Rattle Snake (Crotalus lepidus klauberi).
Photographs of the snake species indicate the zigzag pattern on the dorsal scales (Fig 6.4a).
Similar to the other species, the scales within the zigzag pattern are darker in color in comparison
with the neighboring scales. High and low-pigmented scales were further analyzed with the SEM.
In difference to the other species, microstructures are not observed on the scale surface. Instead
of micro-cavities or micro-domes, only nanoridges are observed on both high (Fig 6.4b) and low
(Fig 6.4c) pigmented scales. The scales were further characterized with an AFM. Nano ridges
found on both high and low-pigmented scales showed a width of around 500 nm. However, a

height difference is observed. These nanoridges found on the high-pigmented
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Figure 6.4: (a) Photograph of Rock Rattle Snake (Crotalus lepidus klauberi) showing the zigzag
pattern of high and low pigmented scales on their dorsal side. SEM images of the (b) high and
(c) low pigmented scales indicate the nano ridges on the scale surface. These ridges are about
0.5 um in width. In difference to the other species, no micro-structures are observed on these
scales. AFM images of the (d) high and (e) low pigmented scales reveal that the height of these
nanoridges differs with the variation in pigment concentration. The ridges of the high and low
pigmented scales have a height of around 400 nm and 200 nm respectively. AFM scan area (d)
20 pum; (e) 30 um

scales (Fig 6.4 d) showed a height around 400 nm; whereas the one found on the low-pigmented
scales (Fig 6.4 e) showed a height around 200 nm. In general, a difference height of these

nanoridges is observed with the difference in pigment concentration.
6.2 Optical properties of the high and low pigmented dorsal scales

Photographs of snake species indicate that the dorsal scales within the zigzag pattern are rich in
melanin. In previous studies, it was predicted that these pigmented scales are optimized for heat
absorption within the shake body [77]. Topological analyses reveal the structural difference
between high and low-pigmented scales. To further verify if these scales are optimized for
efficient heat absorption, optical responses of these scales were recorded in the wavelength range
of 400-2000 nm. The results are presented in Figure 6.5.
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Figure 6.5: Reflectance properties of the high and low pigmented dorsal scales of (a) Sisturus
milarius barbouri (b) Bitis parviocula (c) Bitis arietans and (d) Crotalus lepidus klauberi. In
general, lower reflectance is observed for the high-pigmented scales in comparison with the low-
pigmented scales in the wavelength range of 400-1000 nm. In opposite to this, higher reflection is
observed for the high-pigmented scales in the wavelength range of 1000-2000 nm. No difference is

observed for the high and low pigmented scales of C. I. klauberi in this wavelength regime.

The optical responses of high and low pigmented scales of S. m. barbouri, B. arietans, B.
parviocula, and C. I. klauberi are shown in Figure 6.5a), b), c), and d). When characterized in the
wavelength range of 400-1000 nm, lower reflection was recorded for the high-pigmented scales
in comparison to the low-pigmented. However, in the wavelength range of 1000-2000 nm higher
reflection was recorded for the high-pigmented scale in comparison with the low-pigmented
scales of S. m. barbouri, B. arietans, and B. parviocula. Interestingly, no difference in the
spectrum is observed for high and low-pigmented scales of C. I. klauberi in the wavelength range
of 1000-2000 nm. In reference to the SEM images, no micro-structures are found on the high or
low-pigmented scales of C. I. klauberi. Interestingly, no micro-structures are found on the dorsal
scales of this species and no difference in optical response was recorded in the near-infrared
regime. Thus it can be assumed that the difference in optical properties observed in the low and
high-pigmented scales of S. m. barbouri, B. parviocula, and B. arietans in the wavelength range
of 1000-2000 nm is mostly caused due to the difference in depth or height of the micro-cavities

or micro-domes found on their scale surface.
6.3 Topological and optical properties of the replicas

Melanin has high absorption in the visible regime [138]. Thus this reduction of reflection for the
high pigmented scales in the visible light could be attributed to the absorption by melanin within
the scales. Interestingly, a difference in the nano- and micro-structure is also observed with the
variation in pigment concentration. To verify if the nano- and micro-features have an effect in
tailoring the optical properties, replicas of high and low-pigmented scales of S. m. barbouri were
prepared in PMMA material. The optical properties of these scales were further recorded in visible

and near-infrared light.
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Figure 6.6: Photographs of replicas prepared in PMMA material from (a) high and (b) low
pigmented scales. The replicas are transparent or translucent to the naked eye.

Replicas prepared from high pigmented scales
e o TR o

20 pm

b TR
Replicas prepared from low pigmented scales

Figure 6.7: SEM images of replicas prepared in PMMA material from high (a, b) and low (c, d)
pigmented scales. The nano- and micro-structures are well imprinted on the replicas. Similar to
the natural scales depth of the micro-cavities prepared from high pigmented scales is deeper than
the ones prepared from low pigmented scales. Nanoridges and nano pits are also well imprinted
on the high and low-pigmented scales respectively. As the micro-cavities are almost
perpendicular to the surface of the replicas the samples were tilted by 30° during the imaging.
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Replicas were prepared from the high and low-pigmented scales of the S. m. barbouri
using the soft imprint lithography technique described in Chapter 2. Through this process, the
naturally grown textures on the scale surface were developed in PMMA material. Photographs of
the replicas are shown in Figure 6.6. The replicas are placed on white paper with the printout of
the KIT logo in the background during the photography. Replicas prepared from both high (Fig
6.6a) and low (Fig 6.6b) pigmented scales are transparent or translucent to the naked eye. For
further analysis, the replicas were investigated with the SEM. The results are presented in Figure
6.7. The images indicate that the nano- and micro-structures are well imprinted on the replicas.
As expected, micro-cavities in the replicas of high-pigmented scales (Fig 6.7a) are deeper than
the ones found on the replicas of low-pigmented scales (Fig 6.7¢). Alongside these micro-cavities,
nanoridges and nanopits found on the natural scales are also imprinted on the replicas prepared
from high (Fig 6.7b) and low (Fig 6.7d) pigmented scales. As the micro-cavities are almost

perpendicular to the scale surface the samples were tilted by 30° during the imaging.

The SEM images indicate that the structures are well imprinted on the replicas. To verify
if these surface textures have an effect in optimizing the optical properties, the replicas were
characterized in the wavelength range of 400-2000 nm. The spectra were further compared with
the spectrum of reference PMMA. Here, the reference PMMA has no surface textures. The results
are presented in Figure 6.8. Higher reflection is observed for the replicas prepared from both high
and low-pigmented scales in comparison with the reference PMMA in the visible and near-
infrared light. In difference to the natural scales, higher reflection is observed for the replicas
prepared from high-pigmented scales in comparison with the ones prepared from low-pigmented
scales in both visible and near-infrared light. However, reduced reflection is observed for the
high-pigmented natural scales in comparison with the low-pigmented natural scales in visible
light (fig 6.5a).

The results indicate that nano- and micro-structures found on the high-pigmented scales
interact with visible and near-infrared light to increase the reflection. These results contradict the
previous study where it was assumed that the nano-and micro-structures found on the high-
pigmented scales interact with the light to reduce reflection [65]. Much noise was observed around
900 nm due to the switching of the detectors of the LAMBDA 1050 UV-Vis-NIR spectrometer
(PerkinElmer Inc., USA). Thus the data between 800-900 nm is not plotted.
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Figure 6.8: Reflection of the replicas prepared from high and low-pigmented scales of S. m.
barbouri and reference PMMA. The reflection increases for the replicas in comparison with the
reference PMMA in both visible and near-infrared light. Higher reflection is observed for the
replicas prepared from high-pigmented scales in comparison with the ones prepared from low-
pigmented scales. This indicates that nano- and micro-structures found on high-pigmented scales
increase the reflection. Much noise was observed around 900 nm due to the switching of the
detectors of the LAMBDA 1050 UV-Vis-NIR spectrometer (PerkinElmer Inc., USA). Thus the data
between 800-900 nm is not plotted.

Differences in nano- and micro-structures are observed with the variation in pigment
concentration of the dorsal scales. The previous study indicates that the optical properties of the
high-pigmented dorsal scales are optimized for enhanced thermoregulatory properties of the
snakes [65]. However, the results presented in this thesis show that the nano- and micro-structures
imprinted on high-pigmented scales increase reflection. Therefore, it can be assumed that the
intense dark color is produced by melanin and the micro-structures might not have an effect in

reducing the reflection.

The replicas shown in Figure 6.6 are prepared by Junchi Chen from Light Technology Institute,

Karlsruhe Institute of Technology, Germany.
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7 Micro-ornamentation and Spectral

Transmittance of Spectacle Scales

Millions of years of evolution have optimized the ventral and dorsal scales of snakes to perform
multifunctional activities. Results presented in Chapters 3, 4, 5, and 6 highlight the optimizations
of these nano- and micro-structures to ease snake locomotion and to achieve optical and
thermoregulatory properties. Interestingly, the eyes of snakes are covered by scales, too. Such
scales are also observed in fossorial lizards and most geckos which are called brille or spectacles
[85]. They are mostly transparent and provide mechanical protection to the cornea, minimize

evaporative water loss, and are assumed to protect against solar radiation [87-89].

Snakes locomote in direct contact with the ground with unavoidable dust or other
contaminants. As snakes do not have any extremities to clean their spectacles, in this work it was
speculated that snakes might have developed nano- and micro-structures on their spectacles to
promote self-cleaning. As nature typically optimizes surface textures to achieve multiple
functionalities; it was further speculated that spectacles are modified through evolution to enhance
light capturing to the retina. Observations and analysis indicate that the spectacles have tiny to no
surface structures. The wetting properties of the spectacles indicate low contact angles. Such
lower values do not promote wet self-cleaning properties following the principle of the Lotus
Effect. The spectacle scales are transparent in visible light; however, the transparency is
comparable to the ventral scales of some species (fig 3.12a). Thus it confirms these structures
often found on the spectacle surface are not also optimized to enhance the vision of snakes. The
results indicate that these scales do not promote specific functionality or optical properties.
Therefore, the benefits to snakes for the development of such structures on the spectacles are yet

to be understood.

Snake scales have been studied for years to understand their multi-functionalities [35, 44-
59, 62, 65-70]. Inspired by their properties Weibin Wu started his investigations on snake scales
in 2016. As the snakes molt in around 3-4 months enough samples were not available to
summarize his findings. Besides, only two spectacle scales are available from one completely
shaded skin. With the availability of scales belonging to snake species from different geographical
locations and habitats, | extended this study in 2020 by further investigations. In this study, many
physical theories have been predicted to explain the functionality of scales. The theories have

been validated through in-depth analysis of humerous snake species. Therefore, in this chapter,
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some results have been adapted from the thesis of Weibin Wu to summarize the findings [142].
At the end of this chapter, the results that have been adapted from Weibin Wu’s thesis are
referenced.

7.1 Surface topology of the spectacles

In this work, the spectacles of 18 snake species from 5 different families were examined to
understand if the structures on the scales are optimized to achieve wet self-cleaning or enhanced
optical properties. These species live in a wide variety of habitats and different geographical
locations. A detailed overview of them was already provided in Chapter 2. This comparative
analysis across 5 different families and habitats further generalized this study. In addition to the
topological analysis, wettability and optical measurements were conducted on some of these

species.

(a) Vipera aspis (b) Bitis arietans

Figure 7.1: Photographs of the molted head scales of (a) V. aspis and (b) B. arietans. The spec-
tacles (marked by white arrows) are much more transparent than the other head scales. The
spectacles of B. arietans (about 5 mm in diameter) are a little larger than the ones of V. aspis

(about 4 mm in diameter) (The figure has been reproduced from the thesis of Weibin Wu [142]).

Figures 7.1 and 7.2 have been reproduced from the PhD thesis of Weibin Wu [142].
Figure 7.1 shows the photographs of the head scales along with the spectacles (marked with white
arrows) of V. aspis and B. arietans. They already indicate that the spectacles are more transparent
in comparison with the other head scales. Besides, they are slightly larger than the other scales
and of round shape. The dark coloration of the other head scales is most likely caused by the

absorption by melanin embedded within the scales.
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In general, the spectacles of all examined species appeared smooth to the naked eye;
however, tiny nanofeatures are observed on the scale surface when examined in detail with high-
resolution microscopy. SEM images in Fig 7.2 a) and b) display the surface topography of the
central region and edges of the spectacles. Figure 7.2 b) shows an SEM image recorded close to
the edge of the spectacle. Here, the polygonal structures are stretched perpendicular to the spec-
tacle radius direction. Their overall size close to the edge of the spectacle is about 40 um to 60

um in length and 5 pum in width. Stitching micro-features in hexagon and polygon shapes with a

-30 nm

Height sensor

10 pm

Figure 7.2: Comparison of SEM and AFM images revealing the nanostructures on the specta-
cles of P. guttatus. SEM images (a) from the center and (b) from the edge region show pentag-
onal or hexagonal patterns formed by elevated borders. (c) An AFM image from the center re-
veals an additional border type. Narrow channels appear as dents and stitching boundaries
emerge as ridges. (d) An enlargement in (c) reveals further details. All flat areas of the scale are
covered with nanoscale pits. AFM scan are (c) 50 um; (d) 20 um (The figure has been repro-
duced from the thesis of Weibin Wu [142]
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20-30 um diameter are found in the central regions. AFM images reveal different polygon borders
and stitching boundaries on the same spectacle (Fig 7.2c). Polygon borders forming narrow chan-
nels (dark colors) and elevated stitching boundaries (light colors) are observed. These narrow
channels resemble dents with a depth of 15 nm; whereas the elevated stitching boundaries are
ridges with a height of 20 nm. The magnified image is provided in Fig 7.2 d). The analysis showed
a microfibril-like pattern on the stitching boundaries similar to the ones observed on the ventral
scales (details on the ventral scales are presented in Chapter 3). However, such structures are not
found on the narrow channels. Numerous nano-pits are observed on the spectacles alongside
stitching boundaries and narrow channels. These pits have a diameter of 100 nm and a depth of

around 10 nm.

A similar topology is observed on the spectacles of V. u. rakosiensis and N. atra. The
respective AFM images are presented in Fig 7.3. Narrow channels and stitching boundaries are
also observed on the spectacles of V. u. rakosiensis (Fig 7.3a). These stitching boundaries and
narrow channels show a height and depth of around 30 nm. Nano-pits observed in the magnified
image have a diameter and depth of around 150 nm and 10 nm respectively (Fig 7.3b). Such nano-
pits are also found on the spectacles of N. atra (Fig 7.3c). These pits are deeper than the ones
found on P. guttatus and V. u. rakosiensis. These are about 150 nm and 30 nm in diameter and
depth respectively. In both of these images, the nanopits are indicated by white arrows.

(a) Vipera ursinii rakosiensis (b) Naja atra

50 nm gal *; 50 nm

-50 nm -50 nm

coht . — : —
Height sensor 2 um Height sensor 2 um

Figure 7.3: AFM images of the spectacles of (a) V. u. rakosiensis and (b) N. atra. Similar to P.
guttatus a flat surface with numerous nanopits is observed. White arrows indicate nanoscale

pits in both images. AFM scan area 10 pm.

90



Height sensor 1 Height senor ] - 4 ”

Figure 7.4: AFM images reveal nanopits on the spectacles of T. honsonensis. (a) In difference
to the spectacles of P. guttatus, narrow channels, or stitching boundaries are not observed.
However, several cracks and scratches (b) abundant nanopits (np marked with white arrows)
can be spotted on the surface. These nanopits are much more pronounced. In comparison
with the species reported in Figs. 7.2 and 7.3. Microfibrils (m, marked with a yellow arrow)
are found on the surface. The scanning size of images (a) and (b) is 60 um and 20 pm

respectively.
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Figure 7.5: Enlarged AFM imaging of the spectacles of (a) T. honsonensis and (b) P. schultzei
give an insight into the nanopits. In difference to other species, the nanopits found on the scales
of P. schultzei are regularly arranged. For both of these species, the diameter and depth of these
nanopits are roughly 300 nm and 50 nm, respectively. AFM scan area 5 pm

The surface topography of the spectacles of T. honsonensis is presented in Fig 7.4 a) and
b). Narrow channels and stitching boundaries are not prominent on the scale surface of this spe-
cies. However, similar to other species microfibril pattern (m, marked with yellow arrows) is
found (Fig 7.4 b) on the spectacles. Similar to P. guttatus, V. u. rakosiensis, and N. atra numerous
nanopits (np, marked with white arrows) are also observed. These nanopits' density is higher than
those found on the spectacles of P. guttatus, V. u. rakosiensis, and N. atra. The diameter and depth
of these nanopits are measured around 300 nm and 50 nm respectively which is larger and deeper
than the nanopits observed in Fig 7.5a). A similar surface topology is also observed on the spec-
tacles of P. schultzei (Fig 7.5b). The nanopits for this species, are arranged in a regular pattern.

The diameter and depth of these pits are in the range of 300 nm and 50 nm, respectively.
7.2  Wettability of the Spectacles

Textured surfaces with nano- and micro-structures sometimes reduce surface energy which results
in low adhesion of water droplets with the surface. Exploring these effects the famous lotus leaf
theory was proposed where surface texturing resulted in a high contact angle and low roll of angle
[11]. This mechanism keeps the surface clean as the water droplets collect possible debris while

rolling off the surface. Inspired by this effect the water contact angles of the spectacles were

Figure 7.6: Water contact angle measurement on (a) dorsal, (b) ventral, and (c) intact spectacle scales
of S. m. barbouri with a 1 pL droplet of water. The inset in (c) shows the camera image of the water
droplet on the same spectacle scale taken from the side indicating an isotropic wetting property (The

figure has been reproduced from the thesis of Weibin Wu [142]).
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examined to address the question of how snakes clean their eyes. For comparison with the other
body scales contact angles of the dorsal and ventral already discussed in Chapter 3 are also men-
tioned here.

Water droplets on the dorsal, ventral, and spectacle scale of S. m. barbouri revealing the
CAs of 143°, 111°, and 103°, respectively are presented in Fig 7.6. The CA on the dorsal scale is
the highest. Surprisingly, it is the smallest on the spectacles, where one might expect a high value
if snakes clean their spectacles by exploring the wet self-cleaning property. The contact angle on
the ventral scale lies in between. The water contact angles of the other snakes are summarized in
Table 7.1.

This trend is observed for all the investigated snake species. The highest CAs were rec-
orded on the dorsal scales. CAs over 140° were measured on the dorsal scales of S. m. barbouri,
V. aspis, and B. arietans. CAs between 130° and 140° were observed on the scales of P. guttatus,
and M. spilota. CAs between 120° and 130° were measured on the scales of M. monspessulanus,
V. u. rakosiensis, P. schultzei, N. atra, T. honsonensis, and S. diadema. In difference to the dorsal
scales, most snakes exhibit a CA of nearly 110° on their ventral scales except M. monspessulanus
(118°) and C. hortulana (98°). Interestingly, some scales showed complete wetting, i.e., water
droplets spread and wet the surface completely when dropped on some scales. The dorsal scales
of T. subannulatus, for example, were wet completely, and the ventral scales are hydrophilic with
a contact angle of 60°. A similar trend was also observed on the ventral scales of B. arietans.

Nanopits on the scale surface might develop such hydrophilic surfaces.

Table 7.1: Contact angles of the spectacles in comparison with the subsequent ventral and dor-

sal scales of the same snake species.

Contact angle

Binomial name Common Name Dorsal Ventral

Spectacles
Scales Scales

Sisturus militaries
Dusky Pygmy Rattle Snake | 143 £5° 111 £3° 103 £3°

barbouri
Pantherophis guttatus Eastern Corn Snake 133+£2° 108 £1° 98 + 6°
Zamenis situla European Ratsnake * 108 £ 4° 97 £ 2°
Natrix helvetica Barred Grass Snake * 72 £ 16° 91+1°
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Natrix tessellata Dice Snake * 108 £5° 87 +4°
Malpolon )
Montpellier Snake 130 7° 118 £5° 101 £ 3°
monspessulanus
Vipera ursinii ) ]
o Hungarian Meadow Viper | 123 +2° 106 £ 4° 109 +1°
rakosiensis
Vipera aspis Aspic Viper 141 £ 4° 111+1° 103 +1°
Vipera seoanei Seoane's viper * 107 £3° 110+ 2°
Vipera lotievi Lotiev’s Viper * 112 +1° 109 + 3°
Vipera renardi Steppe Viper * 108 £ 1° 101 £ 3°
Parias schultzei Schultze's Pitviper 134 £ 2° 107 £ 3° 106 £ 3°
Tropidolaemus North Philippine Temple )
o wetting 60 +7° 107 £ 2°
subannulatus Pitviper
Naja atra Chinese Cobra 122 £ 4° 111+£1° 102 £ 2°
Trimeresurus o
] Hon Son pit viper 125+ 3° 103 £ 2° 100 + 2°
honsonensis
Morelia spilota Carpet Python 134 £ 6° 108 = 2° 92 +2°
Bitis arietans Puff Adder 145+ 3° 59 + 3° 104 £ 2°
Spalerosophis diadema Diadem Snake 126 £5° 109 £ 2° 96 + 6°

* The samples were too small (<1mm) to conduct reliable measurement

On spectacles, the CAs are typically close to 100°. The smallest value of 92° is observed

on M. spilota. Although the dimensions of the nano-pits observed on the spectacles of P. schultzei

and T. honsonensis are comparable to the ones found on the ventral scales of B. arietans; the

contact angle is still around 100°. The spherical geometry of the spectacles in comparison with

the flat ventral scales of B. arietans might influence the observed CAs.

In general, low CAs revealing only slightly hydrophobic surfaces are observed on the

spectacles. As low CA results in a high roll of angle, the current values do not satisfy the principle
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of the “Lotus Effect”. Thus it is concluded that most snakes do not feature potential wet self-

cleaning of their spec

tacles.

7.3 Optical properties of the spectacles

It was speculated that the spectacles are optimized for self-cleaning properties. Numerous

nano-pits were observed on the spectacles of some species. However, such nano-pits did not re-

duce the surface energy of the spectacles. As high contact angles are not observed, self-cleaning

properties are unlikely. As these structures are naturally grown on the spectacles, in this work it

was assumed that these nano-patterns might optimize the optical properties of spectacles. As it is

widely assumed that snakes can detect light in the UV range, the spectral response of these scales
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Figure 7.7: (a) Optical transmittance of the spectacle of 7 snake species for wavelength between 200
and 800 nm. The transmittance is between 70% and 90% in the visible regime between 400 nm to 800
nm but reduces to nearly zero for wavelength below 300 nm. (b) The spectra P. schultzei and T. hon-
sonensis are plotted in an additional graph to emphasize the peak around 250 nm. (c) The spectral
transmittance for the rest of the snakes was measured in the range from 300 nm to 800 nm. The spectral

resolution and beam spot size for all spectra are 1 nm and around 1 mm, respectively. (The spectra of
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was recorded in the wavelength range of 200-800 nm [85, 91-92, 140]. The results are presented
in Fig 7.6.

In Fig 7 a), b) the transmittance is presented for the range of 200 nm to 800 nm while the
spectra in ¢) were recorded in a slightly reduced range of 300 nm to 800 nm. The spectra in Fig 7
¢) have been adapted from the thesis of Weibin Wu. The overall features of the spectra agree with
previous studies [85, 91-92, 140]. In general, the spectacles are about 70-90% transparent in the
visible regime. The transmittance reduces to 50% in the wavelength range of 300 nm - 350 nm.
Interestingly, this reduction is observed at a higher wavelength for N. atra (394 nm). As it is
widely assumed that snakes can detect light in that range, too, this transparency window ensures
clear vision for snakes [85, 91-92, 140].

In the previous studies, it was already shown that the transmittance at snake’s spectacles
is very low for wavelengths below 300 nm [85, 140]. This high blockage of UV light by the
spectacles might work as a UV filter. Nonetheless, a UV transmittance peak around the wave-
length of 250 nm is observed on the spectacles of P. schultzei and T. honsonensis. Topological
analyses on these spectacles indicate numerous nanopits on the surface (Fig 7.5). These nanopits
are mostly circular and have a diameter around 250 nm. The analysis indicates that this UV trans-
mittance peak around 250 nm appears when the nanopits have a diameter of around 250 nm.
Similar nanopits with a diameter of around 250 nm are also found on the dorsal and ventral scales
of numerous snake species. Interestingly, in reference to Fig 3.10 and 3.11 UV transmittance
peaks are also found on the ventral and dorsal scales. In Chapter 3 a detailed analysis is presented
on the scales which showed nanopits on the scale surface. Optical spectroscopy is conducted on
the scales before and after infiltration with a refractive index matching oil which is comparable
to the refractive index of snake scales. Results indicate that the intensity of the peak reduces after
infiltration; however, it is not reduced to zero. In addition, peaks are even observed on the scales
which did not show any nano-pores (T. honsonensis or S. diadema). Therefore, it is assumed that
this UV peak is most likely a material property that might be enhanced by the nano-structures on
the scale surface. As the nano-pits found on the spectacles of P. schultzei and T. honsonensis have
a diameter of around 250 nm; it can be speculated that these nano-pits interact with the UV light

to enhance UV transmittance peak around 250 nm.

In summary, in this work, it was speculated that snake spectacles might feature surface
structures for self-cleaning. Results show that nano-structures on the spectacles are quite shallow
and show very low contact angles which should not promote wet self-cleaning properties. It was
further speculated that these structures on the spectacles might be optimized through evolution to

enhance light capturing by the retina. However, the optical properties indicate that the nano-and
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micro-features do not interact with visible light to enhance the vision. Results suggest that snakes’
spectacles do not feature advantageous properties relating to wet self-cleaning or enhanced optical
transmittance.

Results from the PhD thesis of Weibin Wu

From one completely shaded snake skin, only two spectacle scales are available for analysis.
Therefore, Figures 7.1, 7.2, 7.6, and 7.7c) have been adapted from the PhD thesis of Weibin Wu
[142]. In addition, the contact angle measurements of Sisturus milarius barbouri, Pantherophis
guttatus, Malpolon monspessulanus, Vipera aspis, Naja atra, Spalerosophis diadema have also
been adapted from his thesis.

A shortened version of this chapter was published as the conference proceeding "On the struc-
tural and optical properties of the Hungarian Meadow Viper (Vipera ursinii rakosiensis)" by KM
S. Reza, W. Wu, M. M. Romel, R. Thelen, G. Gomard, H. Holscher, Proc. SPIE 12481, Bioinspi-
ration, Biomimetics, and Bioreplication X111, 1248106 (2023)

A shortened version of this chapter will be published as the article, "On the Microornamentations
and Spectral Transmittance of the Spectacle Scales of Snake™ by W. Wu*, KM S. Reza*, R. Thelen,
G. Gomard, H. Holscher (*both authors equally contributed)
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8 Nanopores Enhancing Reflection of Blue Hair

of Female Carpenter Bee (Xylocopa caerulea)

The vibrant coloration of the blue hairs of the female carpenter bee had been a mystery to human
understanding of color formation. Over the years it has been believed that the color is produced
by pigments [94, 95]. Carpenter Bees of the genus Xylocopa often have bright-colored bodies
and/or wings [94]. This vibrant color is important for their intraspecific recognition [94]. There
is a wide variety of colors within the species. For example, male X. caerulea feature a blackish
cuticle on their body; whereas, the female species have bright blue hairs on their head, thorax,
and parts of the abdomen [94]. Historically it is assumed that the blue color originates from
pigments [95]. In 2023, Stavenga analyzed the color of X. caerulea and other carpenter bees. He
suggested that the pigment bilin produces the color [94]. However, no rigorous proof is found

validating that the blue color is produced only by the pigments.

Due to this open research question, the morphological and optical properties of the blue
hairs of X. caerulea are studied in detail in this study. As no textures are observed on the hairs,
the inner structure of these hairs was analyzed. Indeed, imaging of the hair’s cross-section
revealed a porous core. Interestingly, no structure is observed underneath the external surfaces of
the hairs. As it was suggested that the female blue coloration is important for interspecies
communication [94], the hairs were optically analyzed by microphotometry between 300 nm to
800 nm. This is a wavelength range where the visibility of bees and other insects is expected
[141]. High reflection is observed with a peak and a dent around 480 nm and 605 nm, respectively.
As the topological analysis showed that the porous core results in such enhanced reflection the
optical responses of the dry and index matching oil infiltrated hairs were recorded. Interestingly,
the overall reflection reduced after the infiltration. However, no shift of the reflectance peak or
dent is observed. Therefore, it is concluded that the nanoporous core acts as a white scatterer for
back reflection. Consequently, the vibrant blue color is produced by pigments but retroreflection

is greatly enhanced when light interacts with the nanopores found inside the hair’s core.
8.1 Imaging of the blue hair

Blue hairs from the back of the female carpenter bee (X. caerulea) are analyzed in this study.
Figure 8.1a) shows the photograph of the blue-haired female carpenter bee. Hairs found on the

head, thorax, and parts of the abdomen are mostly blue. Optical microscopy imaging shows that
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the hairs are branched (Fig 8.1b and c) and these sub-branches are attached to a primary branch
which is defined here as the main branch. The main branch is thicker than the sub-branches. A
closer look into the hair base, reveal transparent or translucent parts of the hair through which the
underneath black surface can be seen. The specific region is marked with a red arrow in Fig 8.1c).
This transparent region forms a narrow channel that originates from the base and expands towards

the hair tip. To further investigate the color formation, the outer surface of the hairs was analyzed.

Figure 8.1: (a) Photograph of the female blue-haired carpenter bee (X. caerulea). (b) Optical

microscopy image of hairs on the back of the bee. (c) A zoom in the structure shows that small
branches grow from the main hairs. The base of the hair is not blue but translucent (indicated
by a red arrow); through which the underneath black surface is visible. A narrow channel
extends from the base to the tip of the hair. (d) An SEM image shows that the thickness of the
main branch is around 20 pm whereas the sub-branches are about 10 pm in thickness. No

surface structure can be observed on the hair and its branches.
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The surface morphology of a single hair imaged with the SEM is shown in Fig 8.1d). The image
does not show any specific nano- or micro-structures on the hair surface. It further indicates that
the main branch is about 20 um thick; whereas the sub-branches are about 10 pm in thickness.
The results still do not explain the mechanism of color formation or transparency of the narrow
channels within the hairs. Therefore, the hairs were cut with a razor blade and the cross-sections

were analyzed.

Figure 8.2: (a) SEM image of cross-sections of the main and sub-branches of a female blue hair.

(b) Further magnification of the main branch indicates numerous nanopores alongside a hollow
microcavity inside the hair. The nanopores have diameters of some hundreds of nanometers and
do not show any regular pattern. The microcavity in the main branch is about 3 um in width and
located in the core of the hair.

Figures 8.2a) and b) present SEM images of the cross-section of a female’s blue hair
which shows a microcavity in the central region of the hair. The microcavity in the main branch
is about 3 pm in width. This cavity might result in the transparency of the central region.
Alongside this cavity, numerous nanopores are found in the main and sub-branches of the hair.
Nanopores encircling the microcavity do not show any regular pattern. The nanopores are only
spotted around the central cavity. Interestingly, no prominent structure is observed underneath the
external surface of the hair. In the optical images, however, the blue coloration of the hairs is
observed close to the hair boundary. Therefore, it is concluded that there is no significant
geometry on the hair surface or in the cross-section that might cause this blue coloration through
structural color. These nanopores embedded inside the hair interact with visible light to enhance
the reflection. Nanopores are also found within the scales of white beetles. These nanopores

scatter visible light to develop the white surface [139]. The size of the nanopores found within
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the scales of white beetles and blue bee hairs is comparable. This further indicates that the whitish
region in the central part of the hairs is caused due to the scattering of light by the nanopores.

8.2 Optical properties of the hairs

In 2023, Stavenga suggested that blue-colored hair is important for interspecies
communication [95]. Therefore, the optical properties of the hairs were investigated in the
wavelength range of 300 to 800 nm. This is a wavelength range where the visibility of bees and

(a) Before infiltration (b) After infiltration

T T T T T T T
——reflection before infiltration

—— reflection after infiltration

—— tranmsission before infiltratio

30

—
I
T

300 350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

Figure 8.3: Optical microscopy imaging of blue bee hair before (a) and after (b)
infiltration with index matching oil (n = 1.545). The center of the hair is mostly
white/translucent; however, the hair’s boundary appears blue. The region where the oil
infiltrated is marked with a red arrow. (c) The spectroscopic measurements of the dry and
infiltrated hair show a dent around 600 nm. The reflection peak observed around 490 nm
significantly reduces after the infiltration. High reflection is also observed for both dry
and infiltrated hair in the UV light. A dent in both reflection and transmission spectra is
found around 600 nm. (d) Schematic of the assumed model explaining the observed
scattering effect of the hair’s core. The black, blue, and green arrows indicate the possible
location of the pigment, nanopores, and microcavity with the hairs.
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other insects is expected [141]. During the spectroscopic characterization, a beam spot size around
2.5 um was selected and the respective regions were also imaged with the microscope.

Figure 8.3a) shows the region of dry hair where measurements were conducted. The
central region of the hair mostly appears translucent or whitish. However, the edges of the hair
are only blue in color. SEM presented in Fig 8.2 a) and b) shows no nanopores in the region just
underneath the external surface. It indicates that the pigments producing this blue color might be
present in this specific region.

It is assumed that the reflection of the hairs is strongly enhanced due to the interaction of
light with the nanopores embedded within the hairs. To verify the assumptions, hairs were cut and
infiltrated with refractive index matching oil (n = 1.545). Microscopic images and spectroscopic
data of the dry and infiltrated hairs were recorded with Microphotometry equipped with a
microscope. This specific index-matching oil was used as Stavenga stated that the hairs are
composed of materials with similar refractive index [94]. The hairs were cut with a sharp razor
blade near the base and were placed on PTFE, Teflon foil which was wrapped around a glass
slide. One droplet of the index-matching oil was dropped near the hair. The spreading of oil on
the PTFE, Teflon foil was observed under the microscope. After about 5 minutes, oil flowed
towards the hair and the capillary forces of the hair pulled the oil from the base towards the tip.
Figure 8.3b) shows a microscopic image of the infiltrated hair. Similar to the dry hair, the blue
color was observed only around the edges of the hair. The red mark indicates the region where
the oil infiltrated.

Spectroscopic measurements of dry and infiltrated hairs were conducted in the UV and
visible regimes. The results presented in Fig 8.3c) indicate that the overall reflection reduces after
infiltration. This effect can be explained with the model presented in Fig 8.3d). The black, blue,
and green arrows indicate the possible location of the pigment, nanopores, and microcavity with
the hairs. Due to the filling of nanopores with oil, the retro-reflection effect is significantly
reduced, and the blue color reflection is only generated by the back reflection of the regions with
blue pigments. This further indicates that light interacts with the nanopores to enhance reflection.
A reflectance peak is observed around 490 nm. Interestingly, the intensity of this peak reduces
after the infiltration. A dent in the reflection spectra is observed for both dry and infiltrated hairs
around 600 nm. Such a reduction is also found in the transmittance spectrum. The absorption,
A (1 — R —T) at this specific wavelength might be caused by the presence of any pigment. The
bile pigment, bilin has a reflection in the blue regime and a high absorption around 605 nm [94].

Thus, Stavenga [94], assumed that this blue color is produced by these pigments; however, the
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reflection is strongly enhanced when light interacts with the nanopores found inside the hairs.
Interestingly, high reflection in the range of 300 nm — 400 nm is observed for both non-infiltrated
and infiltrated hairs. Similar to the entire spectrum of consideration, reflection of the infiltrated
hair reduces when measured in the UV regime. Results in Chapter 4 confirm that numerous
nanopores are found within the reflecting white ventral scales of some snake species. These
nanopores work as scattering units to reflect UV, visible, and near-infrared light. Interestingly,
the spectroscopic analysis of the porous blue hairs indicates that the nanopores found within the
hairs also reflect the UV light. The nanopores found in both reflecting white ventral scales and
blue hairs have a length of around 0.5 um. These investigations give strong evidence that
nanopores inside the blue bee hairs and or snake scales interact with the UV light to generate high

reflection which might protect the bees and snakes from harmful radiation.

In summary, results are partly similar to previous results where it was assumed that blue-
colored hairs found on the head, thorax, and parts of the abdomen of female carpenter bees are
produced by pigments [94, 95]. This investigation further predicts that the pigments responsible
for the blue color are found mostly in the region just underneath the external surface. The central
region of the hair is porous and light interacts with these nanopores to enhance the reflection.
Similar nanopores are also found within the reflecting white ventral scales of some shake species.
Results from Chapter 4 and Chapter 8 confirm that nanopores play a significant role in producing

vibrant coloration and thermoregulation in nature.

A shortened version of this chapter will be published as the article, "Porous Core Enhances the
Reflection of the Blue-Colored Hairs of the Female Carpenter Bee (Xylocopa caerulea)" KM S.

Reza, L. Borgmann, G. Gomard, U. Lemmer, and H.HdlIscher.
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9 Conclusion and Outlook

Over the millions of years of evolution, different organisms in nature have optimized themselves
to survive in their respective habitats. They have adopted different strategies to achieve a wide
variety of optical and mechanical properties by varying material composition or by developing
nano- and microstructures. Structural growth has assisted these organisms to perform different
multifunctional activities such as communication [18-19], mating [20], camouflage [21-22],
locomotion [44-57], and thermoregulation [58-59], light optimization [35, 64-65], water
harvesting [66], developing anti-contaminated surfaces [11, 62, 67-68] and even sound production
in danger [69-70]. Over the years, snakes and bees have optimized their optical and mechanical
properties through evolution. In this thesis, some of these characteristics are discussed, and some
mechanisms through which snakes and bees achieve such properties are explained.

Multifunctionalities of the dorsal and ventral Scales of Snakes

In nature, snakes are the most common reptiles. They locomote in direct contact with the
substratum through their ventral scales [29-33]. Numerous studies were conducted on the ventral
scales to understand the optimizations adopted by snakes to ease their locomotion [44-57]. Snakes
mostly follow four different locomotion traits. Thus, in this thesis, a study is made on the surface

textures of their ventral scales in correlation with their locomotion.

Molted ventral scales of snake species from different geographical locations and habitats
were investigated with the SEM and AFM. Mostly spike-shaped microfibril patterns are found on
the scale surfaces of most species. In addition to microfibrils, nanopits and even smooth surfaces
with no prominent textures are also observed. The results confirm that snakes develop these
varieties of structures to optimize their locomotion. The wetting properties of the scales were
further analyzed with a contact angle goniometer. In general, a contact angle of around 110°is
observed on the ventral scales of most snake species. The scales are mostly transparent or
translucent in the visible regime. When measured with a UV-Vis-NIR spectrometer, transmittance

around 70-90% was recorded.

Surface structures are also observed on the dorsal scales of snakes. In comparison with
the ventral scales, a wide variety of textures are found on the dorsal scales. In reference to previous
studies in this thesis, these patterns are defined as verrucate patterns [35], canaliculate ridges [36],
cristate apical patterns [41], crosshatched patterns [37, 40], papillate patterns [42], and reticulate

or porous structure [43]. The functionality of these structures is yet to be understood completely.
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Higher water contact angles are observed on the dorsal scales in comparison with the ventral
scales. However, these contact angle values are not high enough to conclude that these structures
promote wet self-cleaning properties. In general, snakes develop dark colors on their dorsal side.
Thus reduced transmittance is observed on the dorsal scales of most snake species which might
have resulted due to the absorption by melanin or by the scattering of light by the nano- and micro-

structures often found on the scale surface.
Nanopores create broadband reflection in snake scales

In addition to locomotion, some snake species living in warm habitats develop reflecting white
bellies. These venters help them to avoid overheating [58-59]. Comparative analysis of the
reflecting white and transparent scales of the genus Bitis shows that nanopores embedded within

the reflecting white scales scatter light to develop such surfaces.

Five snake species of the genus Bitis living in different geographical locations and habitats
were analyzed in this study. Microscopic imaging of the scale surface showed microfibrils,
nanoridges, and nanopits on the surface. This thesis already confirms that such nano- and micro-
structures on the surface are optimized to ease snake locomotion and they have little to no effect
in enhancing whiteness or reflection, but they potentially can contribute to the haze and scattering
(transmitted light). Therefore, the internal structures of these scales were imaged with the SEM.
The cross-section images revealed numerous nanopores within the reflecting white scales;
however, no nanopores are found within the transparent scales. The results indicate that nanopores
interact with the visible light to develop such surfaces. As snakes develop such reflecting white
scales to avoid overheating, the scales were optically characterized in the wavelength range of
300-2000 nm. The transparent or translucent scales showed low reflection (comparable to the
reflectance of glass) in the UV, visible, and near-infrared light. However, higher reflection is
observed for the reflecting white scales in the entire regime of consideration. As high reflection
is observed in the near-infrared wavelength range, the results confirm that the scales are optimized
to achieve thermoregulatory properties. These nanopores work like scatterers to reflect the UV,
visible, and near-infrared light to develop a reflecting white surface through the retro-reflection

mechanism.
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Micro-cavities developing anisotropically reflecting scales in snakes

Some shakes such as the Chinese Cobra (Naja atra) develop anisotropically reflecting ventral
scales. The results presented in Chapter 5 show that visible light interacts with the tilted micro-

cavities found inside the scales to develop such an optical appearance.

A comparative study made on the anisotropically reflecting and transparent or translucent
scales of two different snake species explains the mechanism adopted by the Chinese Cobra.
Interestingly, the reflection of these anisotropically reflecting scales increases when the scales are
tilted from the head to the tail direction whereas it reduces when tilted from the tail to the head
direction. Cross-section imaging of the scales revealed alternate layers of tilted microcavities
within the anisotropically reflecting scales. However, micro-cavities are not found within the
transparent or translucent scales. These tilted microcavities interact with the visible light to
develop anisotropically reflecting surfaces. The scales were further characterized in the
wavelength range of 400-800 nm by varying the incidence angle from 0°to 45°. The reflection
was measured in both head to tail direction and the tail-to-head direction of the shake body. Low
reflectance is recorded for the transparent or translucent scales. The reflection decreased with the
increase in incidence angle when measured both along and against the microfibrils. Thus no
reflection anisotropy is observed for the transparent scales. However, a difference in optical
response was recorded for the anisotropically reflecting scales. Reflection of the scales increases
with the increase in angle of incidence when measured from head to tail direction; whereas it
reduces with the increase in angle of incidence when measured from tail to head direction. This
difference in reflectance pattern is caused due to the interaction of light with the internal structure
of these scales. The results confirm that snakes develop tilted micro-cavities within their scales

to develop anisotropically reflecting surfaces.

Differences in surface topography with the variation in optical

appearance

Cold-blooded animals tend to develop dark-colored appearance. However, this dark coloration
increases their detection, resulting in vulnerability to predators [75-78]. Interestingly, most Vipers
exhibit a patterned dorsal side with dark-colored scales within a zigzag pattern [83]. Such patterns
might favor snakes to camouflage and also maintain their melanistic properties [84]. Previous
study assumed that the nano- and micro-structures found on the dark-colored scales are optimized
for effective thermoregulation within the snake body [65]. However, further analyses are required

to further verify this theory.
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In this thesis, a comparative study is presented on the high and low-pigmented scales of
snake species from different geographic locations and habitats. The zigzag pattern is found on the
dorsal scales of these snake species. Scales within the zigzag pattern are presumably rich in
melanin in comparison with the neighboring scales outside the pattern. Interestingly, structural
difference is also observed between high and low-pigmented scales. To verify if the structures on
the high-pigmented scales are optimized for efficient thermoregulation, the scales were optically
characterized in visible and near-infrared light. Low reflection is observed for the high-pigmented
scale in comparison with the low-pigmented scales in the wavelength range of 400-1050 nm.
However, higher reflection is observed for the highly pigmented scales in comparison with the
low-pigmented scales in the higher wavelength (1050-2000 nm). One would expect reduced
reflection for the high-pigmented scales in the near-infrared light as the structures are assumed to
be optimized for efficient thermoregulation. Therefore, nano- and micro-structures found on the
scales were replicated in PMMA material following the nanoimprint lithography technique to
understand the optical response of the structures. Interestingly, higher reflection is observed for
the replicas prepared from the high-pigmented scales in comparison with the ones developed from
the low-pigmented scales for the entire spectrum of consideration. In 2013, Spinner et al assumed
that the structures found on the dark-colored scales are optimized for effective thermoregulation
as their coloration helps them to absorb more heat [65]. Considering this functionality of snake
scales and their developed structures one would expect lower reflection in the near-infrared
regime. However, our results show higher reflection for the high-pigmented scales in comparison
with the low-pigmented scales in the near-infrared light. Thus, it can be assumed that these high-
pigmented scales are not optimized for thermoregulation, as they primarily increase reflection in
the region of the electromagnetic spectrum associated with heat generation. The results also
confirm that a difference in nano- and micro-structures is observed with the difference in pigment

concentration of these scales.
Micro-ornamentation and spectral transmittance of the spectacle scales

Snakes, fossorial lizards, and most geckos develop a transparent integument, brille, or spectacle
on their eyes [85]. The wet self-cleaning property of the spectacles is explored in this thesis to

understand how snakes clean their spectacles as they do not have any extremities to clean them.

Nature sometimes optimizes its surface texture to achieve self-cleaning properties.
Inspired by the theory of the “Lotus effect’” [11], spectacles of snakes belonging to different
habitats and geographical locations were studied in comparison with the nano- and micro-

structures found on the scale surface. In general narrow channels and stitching boundaries are
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observed on the spectacles. In addition, numerous nano pits are also found on the scale surface.
Water contact angles of around 100° were observed on the spectacles of most species which are
low enough to exclude self-cleaning properties of the spectacles. The results further show that
spectacles are transparent for the visible light but the structures found on the scale surface are not
optimized to enhance the vision of snakes. The observations and analyses indicate that the
spectacles have tiny to no surface structures on the surface. These structures found on the
spectacles do not promote specific functionality or optical properties. Therefore, the benefits to

snakes for the development of these nano-structures are still an open question.

Nanopores enhancing the reflection of the blue hair of female carpenter

bee (Xylocopa caerulea)

The female carpenter bee (Xylocopa caerulea) develops vibrant blue hairs. Over the years it has
been believed that the color is produced by the virtue of pigments [94-95]. As the current results
do not explain the origin of color production explicitly, the hairs are analyzed in detail in this
study. Results show that the bright blue color is produced as a combination of pigments and light

reflection.

The microscopic bright blue hairs are mostly found on the head, thorax, and parts of the
abdomen of female carpenter bees. These blue hairs are mostly found in the female species. To
investigate further into the color formation, the hairs were initially examined with the SEM. The
surface textures and internal structures of the hairs were examined with a SEM. No prominent
textures are observed on the hair surface which could explain the process of color formation.
Therefore, the internal structure of the hairs was investigated. Numerous nanopores encircling a
microcavity are found in the hair cross-section. These nanopores scatter visible light to develop a
reflecting white central region. The blue pigments might be present around the hair boundary
where no nanopores are observed. The results confirm that the blue color is produced by a
pigment; however, the hair reflection is strongly increased due to the interaction of light with

these nanopores, which enhances the coloration by the pigment.
Outlook

In this thesis, different mechanical and optical strategies adopted by snakes and blue carpenter
bees have been explained. They achieve these multi-functionalities by virtue of nano- and
microstructures. These structures can be artificially fabricated to develop technical surfaces with

specific optical and mechanical properties.
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The overall efficiency of solar panels, LEDs, OLEDs, and similar optoelectronic devices
is heavily compromised due to soiling. Several water-based solutions are in practice to clean such
devices. However, current processes require water, which is scarce in several regions of the world.
Snakes often develop specific nano-patterns on their ventral scales. These features assist snakes
in locomotion by generating frictional anisotropy. These tactics opted by snakes to ease their
locomotion can be further explored to develop a dry self-cleaning coating for solar panels. As
snakes develop these nano-patterns to ease their locomotion, these structures can be further

optimized to modify the locomotion of crawling robots.

Recent studies have speculated that some snakes living in equatorial regions and other
hot, humid climates develop reflecting white venters to avoid overheating. This thesis shows that
nanopores found inside the scales interact with the incident light to develop such reflecting white
surfaces. Similar air voids can be created in technical polymer to enhance their reflection
properties. The modified foils will be an alternative to the current white paints, which contain
harmful TiO; (titanium dioxide) particles. As the snakes develop such scales to avoid overheating,
this light reflection mechanism can be further explored to develop energy-efficient walls for next-

generation smart houses.

Some snakes develop anisotropically reflecting ventral scales. Tilted microcavities found
inside these scales interact with visible light to develop such surfaces. The reflection of these
scales varies when viewed from a different angle. Following the underlying physics of this optical
phenomenon smart windows can be developed that block UV, visible, and even near-infrared

light depending on the tilting angle of these windows.

Female carpenter bees develop vibrant blue-colored hairs on their head, thorax, and parts
of the abdomen. The pigmentary color of these hairs is strongly enhanced due to the interaction
of light with the hollow core found in these hairs. This optical strategy can be adopted to increase
the color contrast of technical surfaces, paintings, etc. Such technical surfaces and paintings might

even promote heat retention.

The prime objective of this thesis remained in understanding the underlying physics of
these nano- and micro-features which enhance the mechanical, optical, and thermoregulatory
properties in the snakes and bees. These structures can be further explored to develop next-

generation devices with enhanced optical, mechanical, and thermoregulatory properties.
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