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Propositions

. The digital pads of tree frogs should be termed friction pads rat-
her than adhesion pads.
(this thesis)

. Tree frogs use pad-intrinsic smooth muscle fibres to modulate
their attachment.
(this thesis)

. The tubercles on the flippers of humpback whales increase the
manoeuvrability of these animals by reducing spanwise cross-flow.

. Not citing relevant literature that is old or non-English hampers
scientific progress.

. Tight supervision is counteractive in training PhD candidates to
become independent scientists.

. The sensitivity of a baby to modulations in the emotional content
of its parent’s voice renders story telling an excellent rhetorical
training for the parent.

. Work pressure during a PhD project is like wind during sailing.
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CHAPTER 1

General introduction

Next to the move from water to land, and from land to air, the exploration of arbo-
real habitats and the accompanying development of climbing abilities were important
drivers of evolution (Sustaita et al., 2013). Compared to a terrestrial lifestyle, clim-
bing offers many advantages, from the avoidance of ground-dwelling predators, over
the exploration of arboreal habitats and food sources, to an increased dispersal range
(Cartmill, 1985). To move through arboreal habitats, and to avoid falling and a re-
sulting injury or an increased exposure to predators (Cartmill, 1985), animal species
from various clades have developed a wide range of attachment apparatuses. These
attachment systems involve differing physical and chemical principles to generate ad-
hesive and frictional attachment forces on diverse natural substrates (von Byern &
Grunwald, 2010; Gorb, 2008; Smith, 2016). For example, tree frogs are versatile clim-
bers that can attach with their adhesive digital pads to various substrates (Crawford
et al., 2016). The analysis of the adhesive pads of tree frogs helps to elucidate the
fundamentals of (bio-)adhesion, gives insight into the ecology and evolution of these
animals, and facilitates the design of biomimetic adhesives. Therefore, I present in
this thesis a study of some of the structures and mechanisms involved in the atta-
chment of tree frogs, and explore the biomimetic potential of the digital adhesive pads
of tree frogs.

1.1 Bioadhesion

The evolution of a biological attachment system required for climbing is driven by
multiple functional requirements. Among others, climbing animals have to (i) generate
strong, reversible, and repeatable attachment to various substrates under challenging
conditions, and (ii) control their attachment (Peattie, 2009). Moreover, the internal
morphology of the attachment organs has to (iii) withstand the mechanical loads
arising during attachment.



General introduction

Figure 1.1 Example species for the diversity of attachment solutions in animals. (A) Insecta,
Acanthocephala terminalis (Credit: Insects Unlocked), (B) Arachnida, Araneidae (Credit: Sarefo),
(C) Gastropoda, Cornu aspersum (Credit: H. Svenson), (D) Reptilia, Phelsuma madagascariensis
(Credit: B. Spragg), (E) Mammalia, Myzopodidae (Credit: I. Marinho), (F) Mammalia, Acrobates
pygmaeus (Credit: E. Neideck), (G) Amphibia, Hyla cinerea. Figures A-F were taken from
commons.wikimedia.org. For details see main text.

A variety of attachment solutions have developed in nature that cope with these
requirements (Fig. 1.1). There is a virtually infinite list of insect species with adap-
tations towards climbing, such as—presumably independently evolved—hairy atta-
chment pads in coleopterans (beetles), dermapterans (earwigs), and dipterans (flies),
and smooth pads in ensiferans (crickets), hymenopterans (e.g. bees and ants), and
mecopterans (scorpionflies), as well as suction discs and claws in various insect cla-
des (e.g. Beutel & Gorb, 2001, 2006; Gorb, 2001; Gorb & Beutel, 2001; Gorb, 2008).
Similarly, arachnids (among others spiders, mites, and scorpions) developed claws as
well as smooth and hairy attachment pads (Wolff & Gorb, 2016). Gastropods (slugs
and snails) use adhesive mucus in locomotion and attachment (Smith, 2010, 2016).
Geckos developed hairy dry digital pads for the generation of van der Waals (vdW)
forces (Autumn et al., 2000, 2002), which allow these animals to climb vertical walls
even in an upside-down orientation (Aristotle, 350 B.C.E., 1918). Various climbing
adaptations are also found in other vertebrate clades, for example bats (Riskin &
Racey, 2010), marsupials (Rosenberg & Rose, 1999), and amphibians, such as the wet
smooth digital pads of tree frogs (Gatesby, 1743; Hanna & Barnes, 1991; Résel von
Rosenhof, 1758).

Studies on the attachment solutions found in nature are clustered under the term
‘bioadhesion’, which is an interdisciplinary research field with contributions from bi-
ology, physics, chemistry, and related disciplines. The attachment forces generated
by bioadhesive organs can be separated into adhesion and friction. Throughout this
thesis, I use ‘adhesion’ for attractive forces that act perpendicular to the interface be-
tween an adhesive and a substrate, whereas ‘friction’ refers to forces acting within the
interfacial plane, and ‘attachment’ represents the combination of both forces.
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Tree frog attachment

Van der Waals forces

Attractive forces arising from interactions between molecules that are in close proximity
(typically with a intermolecular distance d < 5nm). Van der Waals forces can act between
molecules with permanent dipoles (Keesom interactions), between molecules in which a
permanent dipole induces a dipole in another non-polar molecule (Debye interactions),
and between transient dipoles of nonpolar but polarisable molecules (London dispersion
interactions; Parsegian, 2006). See CHAPTER 2 for details.

1.2 Tree frog attachment

Among amphibians with adhesive abilities, tree frogs are the most prominent group.
The definition of a ‘tree frog’ can be based on an arboreal lifestyle (Manzano et al.,
2007), the microhabitat of a specific species or a higher-ranking taxon (Green & Si-
mon, 1986; Manzano et al., 2007), an enhanced attachment performance with respect
to terrestrial species (Emerson & Diehl, 1980), or adaptations of the digital morpho-
logy towards arboreality (Green & Simon, 1986; Smith et al., 2006b). Throughout
this thesis, I use the term ‘tree frog’ in its widest sense, encompassing all of these
definitions. Anyhow, tree frogs possess several remarkable traits among bioadhesive
systems:

1. In contrast to other bioadhesive vertebrates such as geckos, the amphibian skin
of tree frogs is continuously wetted with mucus. Despite this epicutaneous
mucus layer, tree frogs can attach to various substrates (Blackwall, 1845; Federle
et al., 2006; Rosel von Rosenhof, 1758).

2. With a snout-vent-length /s, up to 13.5cm and a body mass m up to 160g
(Endlein et al., 2017; Tyler, 1968), tree frogs are the largest terrestrial organisms
that have been proposed to utilise ‘wet adhesion’.

3. The adhesive ventral skin of the digital pads of tree frogs is covered with a
hierarchical nano- to microscopic pillar-channel pattern formed by superficial
epidermal cells and apical protrusions of these cells (Ernst, 1973a; Scholz et al.,
2009; Siedlecki, 1910). Detailed descriptions of the epidermal and internal pad
morphology are given in CHAPTERS 2 and 3, respectively.

4. The surface structuring of the ventral pad epidermis has been described for
various anuran families, hinting towards convergent evolution (Barnes et al.,
2013; Green, 1979) and an optimised morphology for attachment.

5. The pads have been reported to be among the softest structures found in nature
(with a compressive effective elastic modulus of ca. 20-40kPa; Barnes et al.,
2013, 2011).

6. As is commonly known, frogs jump (and land). Such highly dynamic manoeu-
vres come with considerable inertial loads of up to several body weights per
digit acting on the whole locomotory apparatus including the adhesive system
of tree frogs (Bijma et al., 2016).

11
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Wet adhesion

Adhesive contact forces that arise from the action of a liquid bridge between an object and
the substrate. Wet adhesion comprises capillary adhesion, which is the result of the liquid’s
surface tension acting at the meniscus of the liquid bridge (Butt & Kappl, 2009; Popov,
2010), and hydrodynamic adhesion, which is caused by the viscous resistance against flow
within the liquid bridge (Reynolds, 1886; Stefan, 1874). See CHAPTER 2 for details.

Considering these traits, tree frogs are fascinating model organisms for research on
the fundamentals of bioadhesion, and for the development of biomimetic adhesives in
a wet environment.

1.2.1 A short history of tree frog attachment

The remarkable attachment performance of tree frogs—in particular the ability to
stick to smooth surfaces such as plant leaves or glass lenses—has been described
already in the oldest scientific references mentioning these animals known to the
author (Gatesby, 1743; Rosel von Rosenhof, 1758). During the 19th and early 20th
century, accurate and detailed analyses of the (functional) anatomy of the digital
pads of tree frogs were made (e.g. Dewitz, 1883; Leydig, 1868; Noble & Jaeckle, 1928;
Schuberg, 1891; Siedlecki, 1909; v. Wittich, 1854). These early publications were
rarely cited in later works, which may explain a partial loss of early gained insights
into tree frog attachment.

The intensive use of electron microscopy in the 1970s and 1980s facilitated a new
wave of publications, which focused on the morphological and phylogenetic characte-
risation of the ventral pad surface in numerous arboreal frog species (e.g. Emerson &
Diehl, 1980; Ernst, 1973a; Green, 1979; Hertwig & Sinsch, 1992; Linnenbach, 1985;
McAllister & Channing, 1983; Richards et al., 1977; Welsch et al., 1974). These ad-
dress, among others, evolutionary, ecological, and functional aspects. In the 1980s,
the first biomechanical models of the fundamental mechanisms of tree frog attachment
were developed and experimentally tested (e.g. Emerson & Diehl, 1980; Green, 1981;
Hanna & Barnes, 1991). The most prominent experimental setup for the validation
of the hypothesised models is the so-called ‘rotation platform’, which allows the me-
asurement of the adhesive and frictional attachment performance of whole tree frogs
(see CHAPTER 5 for an updated rotation platform setup). Later, more sophisticated
setups such as multi-dimensional force transducers were developed for the quantifica-
tion of the attachment forces of individual digital pads (Barnes et al., 2008; Crawford
et al., 2012; Federle et al., 2006; Hanna & Barnes, 1991). Additional techniques such
as white light interferometry and atomic force microscopy were applied to investigate
the geometrical and material properties of the digital pad surface (Barnes et al., 2013;
Federle et al., 2006; Kappl et al., 2016).

Finally, the ventral surface patterning of the digital pads of tree frogs stimulated since
around 2010 the design of a number of biomimetic and bioinspired micropatterned
adhesives with an improved attachment performance compared to unpatterned adhe-
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sives (e.g. Chen et al., 2015; Drotlef et al., 2013; Tturri et al., 2015; Murarash et al.,
2011).

. -

Biomimetics

The development of novel technical applications by the systematic analysis of the principles
of the functioning of biological systems, and the transfer of these principles into technology
(Lepora et al., 2013; VDI-Department Biomimetics, 2012). Biomimetics is to be discerned
from ‘biomimicry’, a philosophical approach to the solution of challenges related to (en-
vironmental, social, or economic) resilience inspired by nature, ‘bionics’, the replacement
of biological functions with electronic/mechanical equivalents, and ‘bioinspired design’, a
broad term describing all of the above (Fayemi et al., 2014). Biomimetics is motivated by
the assumption that the development of biological systems by natural selection during 3.8
billion years of evolution led to optimised solutions for a variety of problems that are also
encountered in technology. In particular, convergent systems (i.e. systems with similar fea-
tures that evolved independently in species of different lineages; Wehner & Gehring, 2007)
are of interest for biomimetic research. Adhesion is a popular topic in biomimetics (Le-
pora et al., 2013), with numerous biomimetic attachment designs inspired by the strong,
reusable, and reversible adhesives found in nature (Bogue, 2008; von Byern & Grunwald,
2010; Favi et al., 2014; Gorb, 2008).

1.2.2 Challenges and open questions

As shown by the diverse research history on tree frogs and their adhesive pads, a fun-
damental understanding of tree frog attachment (i.e. How do these animals attach and
how did their pads evolve?) requires an interdisciplinary approach with contributi-
ons from morphology, evolutionary biology, ecology, material science, and mechanics
(Fig. 1.2). The hypothesised interfacial mechanisms of tree frog attachment alone
comprise a complex set of phenomena such as vdW forces, wet adhesion, mechani-
cal interlocking, suction, drainage, and lubrication. These phenomena are affected
by variations of substrate properties such as surface roughness, free surface energy,
and stiffness, as well as by the properties of the liquid in the gap between digital
pad and substrate (Dirks, 2014). Furthermore, the attachment performance is co-
determined by the space around the interface, for example by the material properties
and mechanics of subepidermal pad structures (Bartlett et al., 2012b).

Some of the aforementioned factors determining the attachment performance of tree
frogs have been already addressed in previous research. Especially the role of the
surface geometry of the digital pads, and the common hypothesis of wet adhesion as
primary adhesion mechanism have been in the focus of previous studies. However,
neither has the function of the epidermal surface pattern been cleared conclusively,
nor is there an unambiguous proof of a dominant role of wet adhesion in tree frog
attachment (see our review in CHAPTER 2). CHAPTER 2 also shows that analyses
of the internal morphology of the digital pads are largely missing. Consequently,
the role of internal pad structures in tree frog attachment is virtually unknown. A
lack of knowledge on the chemistry of the frog mucus secreted into the pad-substrate
gap (and of the glands producing it) hinders a comprehensive discussion of mucus-
related phenomena such as the hypothesised wet adhesion of tree frogs, or lubrication.

13
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General discussion

Figure 1.2 Schematic overview of the multidisciplinary aspects co-determining the attachment
performance of tree frogs on the level of whole animals, individual digits, and the interface between
digital epidermis and substrate. Aspects addressed in CHAPTERS 3 to 5 of this thesis are indicated
with italic arabic numerals.

Finally, systematic analyses of the attachment performance of an adhesive system as
a function of substrate properties such as roughness, free surface energy, or elastic
modulus are a common approach in bioadhesion to test for the contribution of a
specific attachment mechanism (e.g. Barnes et al., 2002; Bullock & Federle, 2011;
Klittich et al., 2017; Stark et al., 2013). Such studies are rare in the field of tree frog
attachment, impeding a discussion of the contribution of the numerous hypothesised
mechanisms that are possibly involved in tree frog attachment.

1.3 Aims and outline of this thesis

With this thesis, I aim to achieve two goals. First, I want to contribute to the
fundamental understanding of the attachment of tree frogs, hence generating novel
knowledge for the field of bioadhesion and for anuran biology. Second, I attempt to
translate the findings on the fundamentals of tree frog attachment into insights useful
for the design of biomimetic adhesives. The obtained insights are used in the inter-
disciplinary cooperative research project “Secure and gentle grip of delicate biological
tissues” shared between the Experimental Zoology Group, Wageningen University &
Research (NL), and the Department of BioMechanical Engineering, Delft University
of Technology (NL), in which this thesis is embedded in. In this project, we aim
for a deeper understanding of the attachment of soft objects, such as the adhesive
digital pads of tree frogs, in a wet environment to inspire the development of novel
biomimetic attachment solutions, for example in the context of minimally invasive
surgery (Fig. 1.3). To obtain a fundamental understanding of tree frog attachment,
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application

Figure 1.3 Placement of the thesis chapters in the biomimetic research project “Secure and gentle
grip of delicate biological tissues”.

which is required for the design of biomimetic adhesives (VDI-Department Biomime-
tics, 2012), and hence to achieve my research goals, I followed an interdisciplinary
approach (Fig. 1.2).

In CHAPTER 2, we review the field to identify the fundamental principles of tree
frog attachment, or—where this was not possible—to highlight the crucial gaps of
knowledge. The results of this study form the basis for the subsequent chapters.
Among others, we show that the hypothesis of wet adhesion as primary mechanism of
tree frog attachment (Barnes, 2012; Emerson & Diehl, 1980; Nachtigall, 1974; Smith
et al., 2006a) is not sufficiently supported by experimental data. VAW forces, which
were for a long time believed to play only a minor role due to the presence of liquid
in the pad-substrate gap (Emerson & Diehl, 1980), may well be involved in tree
frog attachment. We also show that for a comprehensive understanding of tree frog
attachment more knowledge is required about the internal morphology of the digital
pads, the chemistry of the secreted mucus, and the attachment performance of tree
frogs on various substrates as a function of the substrate’s surface properties.

The subsequent thesis chapters address these gaps of knowledge. In these chapters, I
focus on the hylid frog species Litoria caerulea and Hyla cinerea (both Anura: Hyli-
dae) for several scientific and practical reasons: (7) both species are among the most
frequently studied tree frog species (e.g. Barnes et al., 2011; Emerson & Diehl, 1980;
Ernst, 1973a; Federle et al., 2006; Green, 1981; Linnenbach, 1985; Scholz et al., 2009),
hence providing sufficient reference data for a discussion of results obtained in this
thesis; (i) the difference in snout-vent-length and body mass between the two species
allows an assessment of the allometry of attachment performance parameters; (iii)
both species are common pet animals, and thus relatively easy to obtain, inexpen-
sive, and uncomplicated in handling and husbandry; () both species are non-toxic,
preventing safety measures for the experimenter during measurements.

In CHAPTER 3, we present a quantitative morphological analysis and functional inter-
pretation of the internal morphology of the digital pads of H. cinerea. In particular,
we aim to identify possible pathways for the transmission of adhesive and frictional
forces from the ventral pad surface to the skeleton. Moreover, the low effective elas-
tic modulus of frog pads—in combination with loads equivalent to several times the
body weight acting on the pads (e.g. Bijma et al., 2016)—raises the question how

15
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the structures involved in the transmission of attachment forces are able to withstand
substantial shear loads. Lastly, we investigate the presence of intrinsic muscular struc-
tures in the pads, which has been suggested in some historic references (Schuberg,
1891; Siedlecki, 1910). These aspects were examined by a 3D-analysis of the pad
morphology, combining synchrotron micro-computer-tomography (p-CT), histoche-
mistry, and immunohistochemistry. A finite element model together with topological
optimisation was used to provide a functional explanation of the distribution and
orientation of the identified collagen fibre networks.

CHAPTER 4 addresses the mucus glands and their secretions in the digital pads of tree
frogs. Despite their potentially central role in attachment, these components of the
adhesive system are virtually undescribed in the current scientific literature. Using
cryo-histochemistry combined with attenuated total reflectance-infrared spectroscopy
(ATR-IR) and sum frequency generation spectroscopy (SFG), we characterised the
general chemistry of digital tree frog mucus in H. cinerea. To test for a potential adap-
tation of the digital mucus chemistry towards attachment, we compared the mucus
chemistry between different body locations for the tree frogs H. cinerea and Osteo-
pilus septentrionalis (Anura: Hylidae), as well as between arboreal and non-arboreal
(Ceratophrys cranwelli, Anura: Ceratophryidae; Pyzicephalus adspersus, Anura: Pyx-
icephalidae) frogs. Additionally, we quantified the gland morphology in H. cinerea
using p-CT to test for a modification of the ventral digital mucus glands compa-
red to the dorsal ones, which would indicate attachment-related functional relevance.
With the obtained 3D model of the mucus glands we also quantified the mucus vo-
lume available for attachment, and estimated the distribution of mucus present in the
pad-substrate gap.

Finally, we studied in CHAPTER 5 the effects of variations in substrate roughness on
the whole-animal attachment performance of the tree frogs L. cinerea and H. cine-
rea. By systematically varying the roughness of the test substrate, we elucidated the
previously hypothesised contribution of mechanical interlocking (e.g. Cartmill, 1985;
Crawford, 2016; Emerson & Diehl, 1980) to tree frog attachment. Parameters of ad-
hesive and frictional performance were measured with an updated rotation platform.
This setup allowed the dynamic measurement of the pad-substrate contact area, hence
providing a more accurate estimate of the maximum attachment performance of tree
frogs than obtained previously.

In the general discussion (CHAPTER 6), I put the findings of my doctoral research into
a wider context. I integrate the outcomes of this thesis with the existing knowledge on
the attachment of tree frogs and of current tree-frog-inspired adhesives to discuss the
importance of the previously proposed mechanisms of tree frog attachment. Further-
more, [ address the hypothesised convergent evolution of the digital pads of tree frogs
in an attempt to illuminate the evolutionary history of the pads, and to identify pad
components that may be ‘optimised’ for attachment. This section of the discussion is
supported by a comparison of the structure and attachment performance of the digi-
tal pads of tree frogs to other bioadhesive systems. Finally, I discuss the biomimetic
potential of tree frog attachment and suggest future directions in the development
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of tree-frog-inspired adhesives based on the results of this thesis. I conclude with an
outlook on future research on the attachment of frog pads, and address possible steps
to deepen and expand the knowledge on tree frog attachment.
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CHAPTER 2

Tree frog attachment:
Mechanisms, challenges, and perspectives

Abstract

Tree frogs have the remarkable ability to attach to smooth, rough, dry, and wet sur-
faces using their versatile toe pads. Tree frog attachment involves the secretion of
mucus into the pad-substrate gap, requiring adaptations towards mucus drainage and
pad lubrication. Here, we present an overview of tree frog attachment, with focus
on (i) the morphology and material of the toe pad; (ii) the functional demands on
the toe pad arising from ecology, lifestyle, and phylogenetics; (iii) experimental data
of attachment performance such as adhesion and friction forces; and (iv) potential
perspectives on future developments in the field. By revisiting reported data and
observations, we discuss the involved mechanisms of attachment and propose new
hypotheses for further research. Among others, we address the following questions:
Do capillary and hydrodynamic forces explain the strong friction of the toe pads di-
rectly, or indirectly by promoting dry attachment mechanisms? If friction primarily
relies on van der Waals (vdW) forces instead, how much do these forces contribute
to adhesion in the wet environment tree frogs live in and what role does the mucus
play? We show that both pad morphology and measured attachment performance
suggest the coaction of several attachment mechanisms (e.g. capillary and hydrody-
namic adhesion, mechanical interlocking, and vdW forces) with situation-dependent
relative importance. Current analytical models of capillary and hydrodynamic ad-
hesion, caused by the secreted mucus and by environmental liquids, do not capture

This chapter has been published as: Lancowski, J.K.A., Dopou, D., KAMPERMAN, M. & VAN
LEEUWEN, J.L. (2018a). Tree frog attachment: mechanisms, challenges, and perspectives. Frontiers
in Zoology 15, 1-21.
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Tree frog attachment

the contributions of these mechanisms in a comprehensive and accurate way. We
argue that the soft pad material and a hierarchical surface pattern on the ventral
pad surface enhance the effective contact area and facilitate gap-closure by macro- to
nanoscopic drainage of interstitial liquids, which may give rise to a significant contri-
bution of vdW interactions to tree frog attachment. Increasing the comprehension of
the complex mechanism of tree frog attachment contributes to a better understanding
of other biological attachment systems (e.g. in geckos and insects) and is expected to
stimulate the development of a wide array of bioinspired adhesive applications.

Keywords: Toe pad; Attachment organ; Bioadhesion; Biotribology; Capillary adhe-
sion; van der Waals; Drainage; Lubrication; Biomimetics; Litoria caerulea.

2.1 Introduction

Strong, reversible, and repeatable grip to diverse substrates is a basic requirement
for climbing animals (Peattie, 2009). A wide range of attachment organs fulfilling
this requirement has evolved in animals such as insects (Labonte & Federle, 2015b),
reptiles (Gorb, 2008; Niewiarowski et al., 2016), arachnids (Wolff & Gorb, 2016),
and amphibians including tree (Hanna & Barnes, 1991) and torrent frogs (Endlein &
Barnes, 2015). The research on torrent frogs is relatively new and limited to a few
studies (Barnes et al., 2002; Drotlef et al., 2014; Endlein et al., 2013; Iturri et al.,
2015; Ohler, 1995), and thus this review focusses on tree frogs.

With their toe pads, tree frogs attach to a wide range of substrates, from smooth glass
to rough wood (Siedlecki, 1909) in both dry and wet environments (Endlein et al.,
2013). Tree frogs are a polyphyletic group (Duellman & Trueb, 1994; Faivovich et al.,
2005; Liem, 1970; Wells, 2007), but the basic morphology of their toe pads is consistent
among frog families—a sign of convergent evolution (Barnes et al., 2013; Green, 1979;
Lee et al., 2001; McAllister & Channing, 1983): the pads are soft (with an effective
elastic modulus of ca. 20kPa; e.g. Scholz et al., 2009) and ventrally covered with a
hierarchical, micro- to nanoscopic pattern of prismatic, epidermal cells separated by
channels (Ernst, 1973a).

Several attachment mechanisms have been proposed for tree frogs’ toe pads (e.g.
Emerson & Diehl, 1980; Federle et al., 2006; Hanna & Barnes, 1991). The prevailing
hypothesis is that adhesion (i.e. the attachment force normal to the substrate surface)
is induced by mucus that is present at the pad-substrate interface, leading to capillary
and hydrodynamic forces (i.e. wet adhesion). Furthermore, intermolecular interacti-
ons (i.e. van der Waals [vdW] forces) and mechanical interlocking have been suggested
to contribute to both adhesion and friction (i.e. the attachment force parallel to the
substrate surface; Emerson & Diehl, 1980)1.

1‘Holding’ and ‘attaching’ synonymously describe combinations of adhesion and friction, whereas
‘adhering’ exclusively refers to adhesion.
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Despite the substantial progress made in the understanding of tree frog attachment
over the last centuries, several questions remain unanswered. For example, do ca-
pillary and hydrodynamic forces explain the strong friction of the toe pads directly,
or indirectly by promoting dry attachment mechanisms? If friction primarily relies
on vdW forces instead, how much do these forces contribute to adhesion in the wet
environment tree frogs live in and what is the function of the mucus? Are there
other attachment mechanisms active in the toe pads and how do these mechanisms
interact? Several questions concerning the functional morphology of the attachment
apparatus also remain open. Can the smooth soft toe pads of tree frogs conform
closely to rough substrates to form a large area of dry contact and strong vdW forces,
as described for the hairy attachment organs of geckos (Autumn et al., 2000, 2002)
and for the soft technical adhesives inspired thereof (Bartlett et al., 2012a,b; Bart-
lett & Crosby, 2014)? Do the structures on (and in) the ventral epidermis support
force generation and how are contact forces transmitted to other body parts? Do
internal pad structures facilitate the spatial distribution of mechanical stresses or of
energy?

We discuss these questions by revisiting evidence regarding the attachment perfor-
mance of tree frogs or, when information is lacking, formulate new hypotheses for
further research. First, we describe the morphology and material properties of the
toe pads. Subsequently, a set of functional demands regarding adhesion and friction,
which the toe pad presumably accommodates, is presented as well as the physical fun-
damentals of the mechanisms that have been proposed in previous research to explain
tree frog attachment. Next, we discuss the observed attachment performance of tree
frogs with respect to the stated questions, the functional demands, the morphological
and material properties of the pad, and the physical fundamentals of attachment.
Finally, we present conclusions of the reviewed knowledge available on tree frog atta-
chment, and provide perspectives for potential future developments in the field.

2.2 Morphology and material properties of a toe pad

In this section, we describe the morphology of the limbs of tree frogs from the ma-
croscopic anatomy (Fig. 2.1A1) down to the nanoscopic features of the toe pad epi-
dermis (Fig. 2.1D3). To get insight in where and how contact forces are generated,
we categorise the morphological elements based on their potential functionality (e.g.
attachment control and force transmission). Furthermore, we discuss the material pro-
perties of the pad and the secreted mucus. For open questions on the pad morphology
(and for possible approaches to answer these), we refer to the final section.

2.2.1 Functional morphology of limbs and toes

The tip of a tree frog’s digit consists of the terminal phalanx, dermis, and epidermis
(Fig. 2.1By; Ernst, 1973a,b; Hertwig & Sinsch, 1995). The dermis contains connective
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Figure 2.1 Morphology of a digit and toe pad of a hylid tree frog. (A) Macroscopic structures.
(A1) Forelimbs of Litoria caerulea. (A2) Schematic lateral view of tendons, phalangi (dark grey),
and the intercalary element (light grey) in a digit of Scinaz squalirostris. (A3z) Schematic depiction
of the collagen fibres in a pad of Hyla dominicensis in dorsal view. (B) Superficial and internal
pad structures in L. caerulea. (B1) SEM image of the ventral epidermis. (Bz2) Transverse section
through the toe of a juvenile frog. (C) Epidermal cells on the ventral surface. (C1) SEM image
of polygonal cells in L. caerulea. (C2) TEM image of a tangential cross-section through the
apical part of two adjacent cells in Hyla cinerea. (D) Fine structures of the apical surface of
an epidermal cell. (Di) High power SEM image of nanopillars and their central depressions
(‘dimples’) in L. caerulea. (D2) TEM image of a cross-section through a row of nanopillars in
H. cinerea (black arrows: EDM). BV blood vessels, CFG circumferential groove, CH channel
between two epidermal cells/nanopillars, CO collagen fibres, D dermis, DE dorsal epidermis, DI
dimple, EC epidermal cell, EDM electron dense material, ET extensor brevis profundus tendon,
IE intercalary element, MG mucus gland, MP mucus pore, NP nanopillar, PC pad curvature,
PH (terminal) phalanx, TO tonofilaments, TS tendo superficialis, VE ventral epidermis. The
illustrations are not to scale. A1, B1, C1 and D1 modified after Federle et al. (2006); A2 modified
after Manzano et al. (2007); A3 modified after Noble & Jaeckle (1928); B2 modified after Barnes
et al. (2011); C2 and D; modified after Ernst (1973a). All figures printed with permission.

tissue, blood vessels, lymph space, mucus glands, as well as muscle and nerve fibres
(Fig. 2.1B9; Ernst, 1973a; Nakano & Saino, 2016; Siedlecki, 1910). The ventral epi-
dermis constitutes the actual toe pad (Hertwig & Sinsch, 1995). The surface area
A, of single pads was reported by Linnenbach (1985; Hyla cinerea, 0.82-1.21 mm?),
Ba-Omar et al. (2000; Phyllomedusa trinitatis, pad diameter dp, forelimb: 2.81 mm,
dp hindlimb: 2.47 mm), Mizuhira (2004; two Rhacophoridae, A, = 2.5mm - 1.8 mm),
Chakraborti et al. (2014; Philautus annandalii, d, = 1.2-1.5mm), and Endlein
et al. (2017; Rhacophorus dennysi, 2.1-4.7mm?). The projected surface area A
of all pads of an individual frog scales nearly isometrically with snout-vent-length fgv
(A o gy 5722 Barnes et al., 2006; Smith et al., 2006a,b) and with body mass m
(A oc m%-68; Barnes, 1999).
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2.2.1.1 Contact geometry

The distal portions of the toes are dilated (Emerson & Diehl, 1980; Noble & Jaeckle,
1928) and typically disc-shaped (Fig. 2.1B1; Ba-Omar et al., 2000). The unloaded
ventral toe pad surface is convex (Green, 1981; Richards et al., 1977), with a radius of
curvature R of 0.72-1.57 mm in juveniles and 4.07-5.81 mm in adults of Litoria caeru-
lea (Barnes et al., 2011). Gu et al. (2016) suggested that the ball-on-flat arrangement
of the curved pad on a flat substrate protects the pad from misalignment. Moreover,
a curved pad might require less energy for active alignment of the pad with respect to
the substrate. The ventral pad surface is divided into subunits forming a hierarchical
surface pattern:

Macroscale 1In several species, grooves following the proximal-distal axis separate
the pad surface, and a circumferential groove forms the lateroterminal pad boundary
between proximal (squamous) and distal (columnar) ventral epidermis (e.g. Green,
1979; Hertwig & Sinsch, 1995; Lee et al., 2001; Nokhbatolfoghahai, 2013; Ohler, 1995;
Siedlecki, 1910).

Microscale Prismatic cells on the ventral epidermis surface form a pattern of colum-
nar pillars (Ernst, 1973a; Green, 1979; Hertwig & Sinsch, 1995). The apical parts of
neighbouring surface cells are laterally separated by a channel network (Leydig, 1868;
Welsch et al., 1974; Fig. 2.1C;). In L. caerulea, the superficial epidermal cells are
skewed such that the apical cell surface is positioned more distally than the basal one
(Nakano & Saino, 2016). The outline of the apical epidermal cell surface in L. cae-
rulea and several other species is exclusively polygonal, ranging from pentagonal to
octagonal (e.g. Barnes et al., 2013; Dewitz, 1883; Scholz et al., 2009). In L. caerulea,
Barnes et al. (2013) found 65.4% hexagonal, 19.8% pentagonal, 14.2% heptagonal,
and 0.6% octagonal, non-randomly distributed cells. Chen et al. (2015) reported a
similar distribution with 55% of hexagonal cells, and an elongation of the cells along
the proximal-distal pad-axis (aspect ratio = 1.46) in Polypedates megacephalus. The
apical cell surfaces are curved convexly (Federle et al., 2006; Leydig, 1868). In H. ci-
nerea, the average edge length a. of the apically separated cells is 10.2um (Ernst,
1973a), the cell height h. is 6.511m, and the apical cell surface A, is 64 ym? (Linnen-
bach, 1985). Similar values for A. (63-1721m?) and cell diameter d. (8-14.8 pm; see
Fig. 2.2B) were reported for a number of species (Ba-Omar et al., 2000; Chakraborti
et al., 2012; Green, 1979, 1980; McAllister & Channing, 1983). Smith et al. (2006b)
found a positive correlation between A. and lgy (r = 0.86; p = 0.01; 1-2 frogs per
species), which was observed neither by McAllister & Channing (1983; 1-2 frogs per
species) nor by Green (1980; r = 0.036; 12—-17 frogs per species). Further work is
required to conclude on the scaling of cell dimensions with fgy. The cell density p.
(cells per mm? toe pad area) ranges between ca. 2450 and 15700 mm~?2 (Linnenbach,
1985; Rivero et al., 1987; Smith et al., 2006b).

The channels in between the superficial epidermal cells are 1-5 pm wide (Smith et al.,
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2006b; Welsch et al., 1974). In P. megacephalus, the channel alignment is anisotro-
pic; the cumulative channel length is ca. 70% lower along the lateral pad axis than
along the proximal-distal axis (Chen et al., 2015). Mucus glands with large lumina
are distributed in the dermis of the distal digital segment (Fig. 2.1By; Welsch et al.,
1974) and secrete mucus (Blackwall, 1845) via ducts and 7-8 pm wide pores into the
epidermal channel network (Green & Carson, 1988). The spatial density and distri-
bution pattern of the pores vary interspecifically (Ba-Omar et al., 2000; Green, 1979;
McAllister & Channing, 1983). A detailed analysis of the mucus gland morphology
is unavailable.

Nanoscale Peg-like protrusions, called nanopillars (also plaques, pegs, or microvilli),
cover the apical surface of the outermost epidermal cells (Siedlecki, 1910; Fig. 2.1D1 2).
Nanopillars are prismatic structures separated from each other by a nanoscopic chan-
nel network analogously to the microscopic channel network between the epidermal
cells (Ernst, 1973a; Welsch et al., 1974). For various species, nanopillar diameters (d,,)
of 15-800nm were reported (Barnes et al., 2013; Ernst, 1973a; Green, 1979; Green
& Simon, 1986; Mizuhira, 2004; Scholz et al., 2009). In L. caerulea, the nanopillars
have a (mostly) hexagonal outline with an aspect ratio of approximately 1 and a na-
nochannel width w, < d,, Scholz et al., 2009. Measurement of w,, by atomic force
microscopy (AFM) presumably underestimates the channel width (and depth; Scholz
et al., 2009). AFM and transmission electron microscopy (TEM) measurements of the
nanopillars (Ernst, 1973a; Federle et al., 2006) and cryo-scanning electron microscopy
(SEM; Barnes et al., 2013) indicated a 7.74+4.2 nm deep ‘dimple’ on the apical surface
(Fig. 2.1Dy; Scholz et al., 2009).

Geometrical model of the epidermis Based on the dimensions of the epidermal cells
reported in literature, we built a geometrical model (Fig. 2.2) of the epidermis to
predict the increase in surface area by the cellular structures and the effective contact
surface (that we assume to be formed by the apical nanopillar surfaces not covered
by dimples). For calculations of the parameter values, see Section 2.S1.2.1.

For an approximately circular pad with diameter d, = 3.6 mm, we compute a pro-
jected ventral area A, ~ 10.2 mm? covered with about 126-10% epidermal cells, which
agrees with the cell densities reported for real animals (Linnenbach, 1985; Smith et al.,
2006b). Cells with a regular hexagonal outline (d. = 10um, he = 10 pm, w, = 1m)
increase the wetted contact area (i.e. the projected ventral surface + surface of
the channel walls) 4.7-fold compared to a smooth pad. Nanopillars (d, = 300 nm,
hy = 300nm, w, = 100nm according to Fig. 2.3 in (Barnes et al., 2013), dimple
diameter ~ d, — Ar = 240nm) cover the apical surface of every cell. The whole
pad contains ca. 73 - 10° nanopillars. This corresponds with a nanopillar density of
ca. 7.1 - 105 mm~2, which is in the same order of magnitude as the setae densities
reported in geckos (Arzt et al., 2003). Together, the epidermal cells and nanopillars
enlarge the wetted contact area 6.6-fold compared to a smooth pad. About 20% of
Ap is formed by the intercellular channel network. Including the nanoscopic channel
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Figure 2.2 Geometrical model of the ventral toe pad epidermis in a tree frog with snout-vent-
length £gy. (A) The approximately circular projected ventral pad area A, (diameter dp) is (B)
covered by polygonal epidermal cells with diameter dc, edge length ac, channel width wc, and
apical surface area Ac. (C) Each cell accommodates polygonal nanopillars with diameter dy,
channel width wy, and a distance Ar between dimple and nanopillar edge. (D) Enhancement
(in %) of the wetted area by the micro- and nanochannels relative to A, and composition of
Ap (in %) assuming regular, hexagonal outlines of the epidermal cells and nanopillars. Inset:
Definition of projected and wetted areas shown for a hexagonal pillar. CH channel, DI dimple,
NP nanopillar.

network, this fraction rises to around 58%. Dimples occupy 32% of the pad. Finally,
about 10% of A, is not covered by channels or dimples.

2.2.1.2 Attachment control

Several morphological elements in the limbs and digits of tree frogs are likely to con-
tribute to an active control of attachment. The forelimbs are adapted towards an
arboreal lifestyle. Specifically, kinematic and electromyographic analyses in L. cae-
rulea and Phyllobates bicolor revealed that variations in the concerted action of the
forelimb musculature allow for a power grip (i.e. clamping an object between flexed
digits and palm), a precision grip (i.e. pinching an object between digit tips), and
active positioning of the hands during climbing on narrow substrates (Manzano et al.,
2008).

A single layer of smooth muscle cells is present in the wall of each mucus gland (Ernst,
1973b; Mizuhira, 2004). This muscle type accommodates large strains and might
enhance the deformability of the glands, minimising unintentional mucus secretion
during pad loading. A dermal nerve plexus probably innervates the glandular muscle
cells and thus controls mucus squeeze-out (Welsch et al., 1974). Several authors
(Gadow, 1909; Schuberg, 1891; Siedlecki, 1910) reported smooth muscle fibres in tree
frogs’ toe pads, which, however, was not confirmed in later literature (Ernst, 1973b;
Mizuhira, 2004).

The mucus ducts are surrounded by several layers of tightly interconnected cells
(Ernst, 1973b), which support the ducts mechanically and presumably facilitate mu-
cus squeeze-out. The dermal tissue between the terminal phalanx and the ventral
epidermis is heavily vascularised (Fig. 2.1By; Noble & Jaeckle, 1928), which might
allow an active modification of pad curvature (Afferante et al., 2016) and pad stiffness
(Barnes et al., 2011) by varying blood pressure.
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2.2.1.3 Force transmission

The morphological basis of the transmission of attachment forces, generated at the
pad-substrate interface, within the pad or to other body parts has not been studied ex-
tensively. An internal skeleton is the principle load bearing and transmitting structure
in each limb (Fig. 2.1A53). Many tree frog species have a cartilaginous intercalary
element between the terminal and subterminal phalanx of each digit, which increases
digit flexibility and facilitates axial rotations of the terminal phalanx (Fig. 2.1A5 3;
e.g. Hanna & Barnes, 1991; Manzano et al., 2007; v. Wittich, 1854). In each digit,
two tendons support the skeleton in load transmission: the dorsal Tendo Superficialis
extends the digit, and a ventral tendon connected to the musculus extensor brevis pro-
fundus adducts the terminal phalanx (Fig. 2.1A5; Hanna & Barnes, 1991; Manzano
et al., 2007).

Collagen fibres connect the terminal phalanx with the ventral basement membrane
(Noble & Jaeckle, 1928; Schuberg, 1891; v. Wittich, 1854). The low lateral connecti-
vity of the collagenous structures (Fig. 2.1A3) suggests a low stiffness of the pad
in dorso-ventral compression and lateral extension (Ernst, 1973b). The deformable
lymph space (Nakano & Saino, 2016) and the blood-vessel network in the connective
tissue also point towards low stiffness and viscoelastic properties of the pad.

The lateral membranes of adjacent epidermal surface cells are interconnected basally,
which mechanically strengthens the epidermis (Fig. 2.1Cq; Ernst, 1973a; Mizuhira,
2004; Welsch et al., 1974). Furthermore, tonofilament bundles—arranged parallel to
the longitudinal axes of the superficial epidermal cells (Dewitz, 1883)—interconnect
the cells through desmosomes (Ernst, 1973a,b), split up towards the ventral surface,
and terminate at the apical ends of the nanopillars (Fig. 2.1D9; Chakraborti et al.,
2014; Ernst, 1973a; Nakano & Saino, 2016; Welsch et al., 1974). The ordered arran-
gement of the tonofilaments vanishes, as they extend into the deeper epidermal layers
(Ernst, 1973a). We expect that tonofilaments, collagenous structures, and digital bo-
nes together facilitate the transmission of attachment forces from the pad-substrate
interface to the rest of the body (e.g. for locomotion). The local expression of keratins
forming the tonofilaments in the nanopillars (Vandebergh et al., 2013) supports the
relevance of the tonofilaments for force transmission. A thin layer of electron dense
material covers the inner side of the plasma membrane of the apical cells (Fig. 2.1Ds;
Ernst, 1973a; Welsch et al., 1974).

2.2.2 Material properties

The high compliance of the toe pad in compression influences its attachment per-
formance, for example by increasing the effective contact area on rough substrates.
Compliance depends, among other properties, on the material-specific Young’s mo-
dulus F, on the Poisson’s ratio v, and on geometry and spatial arrangement of load-
bearing structures. Overall, the toe pads were reported to be very soft (v. Wittich,
1854), with an effective elastic modulus E* = E/(1 — v?) of the whole epidermis
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Table 2.1 Experimental findings on the effective elastic modulus E* of tree frogs’ toe pads.

) E* & -
Reference Species [kPa] [m]  [um] Remarks
Barnes et al. (2013) L. caerulea 33.5+4.1 0.2 — Ez vivo, AFM, Hertz theory

R. prominanus  28.7+10.5
Scholz et al. (2009) L. caerulea 14000 1.6 — Pyramidal AFM tip
Barnes et al. (2011) L. caerulea 4-25 200  — Spherical MT, JKR-model
Kappl et al. (2016) L. caerulea 54+7 0.5 0.4 Ex vivo, Spherical AFM,
40.7£3.2 13.3  Hertz theory

d;i indentation depth, r; indenter radius.
AFM atomic force microscopy, JKR Johnson-Kendall-Roberts, MT microtribometry.

reported to be lower than that of most biological materials (e.g. Vincent & Wegst,
2004). Repeated indentation experiments showed no plastic deformation of the pad
(Scholz et al., 2009). A small load-unload hysteresis in the force-displacement curve
(Scholz et al., 2009) and a decrease in the normal contact force during constant pad
deformation (Barnes et al., 2011) suggest viscoelasticity of the pad.

The effective elastic modulus of the toe pad varies by factors of up to 10* between
studies (Table 2.1). Such variations might be explained by the structure of the cy-
toskeleton (Scholz et al., 2009), which makes E* strongly dependent on the location
and direction of indentation, by the use of in wvivo (e.g. Scholz et al., 2009) versus
ex vivo (e.g. Kappl et al., 2016) samples, and by the use of different indenter shapes
and contact mechanics models (e.g. Oliver-and-Pharr-theory in Scholz et al., 2009;
Johnson-Kendall-Roberts- /Hertz-model in other studies). Variations might also in-
dicate a stiffness gradient (Barnes et al., 2011) based on an increase of E* with
indentation depth d;. The exact variation of E* with d; is unknown.

2.2.3 Mucus properties

The mucus forms a liquid bridge with a meniscus that fully surrounds the toe pad
(Green, 1981) and has a wedge thickness of 5-10pm (Barnes et al., 2013). The
meniscus height and curvature are unknown. The mucus viscosity p in L. caerulea
is about 1.43mPas, measured with laser-tweezer micro-rheometry (Federle et al.,
2006). The mucus is often approximated as a Newtonian liquid (i.e. p is strain-rate-
independent), but non-Newtonian liquid properties are suggested by the presence of
polysaccharides in filled mucus glands in H. cinerea (Ernst, 1973b). The static contact
angle ¢ of mucus microdroplets on hydrophilic and hydrophobic substrates is low
(¢ < 10°), which indicates an adhesive capillary function of the mucus independent
of the wetting properties of the substrate (Drotlef et al., 2013).
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2.3 Functional demands on a toe pad

Morphology and operation of an attachment organ are codetermined by the functional
demands on the respective organ (Duellman & Trueb, 1994). In the tree frog, these
demands arise, among others, from the environment, phylogeny, and lifestyle of the
animals.

2.3.1 Directional contact forces

Directional contact forces allow tree frogs to climb into the higher ecological layers of
forests and other vegetation (Crawford et al., 2012). To stay attached to substrates
with different inclination angles (e.g. overhanging leafs and vertical tree stems), tree
frogs have to generate both strong adhesion and friction. The transmission of contact
forces via skeletal elements suggests preferential directions of the contact force vector
for whole limbs and single digits and thus anisotropic mechanisms of force generation.
Gripping as a special case of force directionality is discussed elsewhere (Endlein et al.,
2017; Hill et al., 2018; Manzano et al., 2008; Tyler & Davies, 1993).

2.3.2 Substrates with diverse surface characteristics

Tree frogs encounter a variety of substrates such as plant leaves, tree bark, insect
cuticle, and stones, with a wide range of random or structured roughness (Holdgate,
1955; Koch et al., 2008; Vincent & Wegst, 2004), surface energy (i.e. the energy requi-
red to form a unit area of free surface of a given material; Labonte & Federle, 2015b),
stiffness (Peattie, 2009), and wetting? level. Natural substrates can be wetted via
rain (e.g. in tropical habitats) and the mucus secretion on amphibian skin (Stebbins
& Cohen, 1995; Tracy et al., 2011; Tyler & Davies, 1993). Environmental tempera-
ture, air humidity (e.g. Puthoff et al., 2010), and (mechanical or chemical) surface
pollution may also affect the attachment performance of tree frogs. The ability of
tree frogs to clean their pads by repeated stepping was discussed by Crawford et al.
(2012). Generating contact forces that are high enough to keep the animals attached
to natural substrates with different properties is arguably a primary demand on the
toe pads.

2.3.3 Static and dynamic attachment

Tree frogs use a combination of locomotory modes such as jumping, horizontal wal-
king, and vertical climbing (Wells, 2007), for which reversible and repeatable atta-
chment is crucial (Peattie, 2009). For dynamic conditions, attachment and deta-

2‘Wetting’: the presence of liquid on a substrate.
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chment (and switching between the two states; Bullock et al., 2008) should be fast
and controlled (Bijma et al., 2016), and contact forces need to be large enough to
resist detachment from the substrate during sudden events such as the attack of a
predator or the wind-induced shaking of a leaf (Drechsler, 2008). Additionally, toe
pads enable static attachment, as observed in resting frogs (Siedlecki, 1909, 1910) or
during copulation (Stebbins & Cohen, 1995).

2.3.4 Transmission of contact forces

We expect toe pads to transmit the generated forces internally and to other body
parts. Force transmission within a morphological unit, for example the epidermis,
has been suggested to distribute mechanical stresses at the pad-substrate interface,
hence reducing the risk of unwanted detachment (Labonte & Federle, 2015b) or of
damaging the epidermis (Duellman & Trueb, 1994). Force transmission between the
epidermis and other body parts allows (directed) locomotion and requires a functional
integration of the pads into the whole locomotory apparatus (Manzano et al., 2008,
2007; see also Section 2.2.1.3), as observed in geckos (Autumn & Peattie, 2002).

2.4 Basic theory of potential attachment mechanisms in a toe
pad

Various mechanisms of force generation (Emerson & Diehl, 1980), as well as lubrica-
tion (Federle et al., 2006) and drainage of the secreted mucus (Persson, 2007) have
been suggested to play a role in the attachment and detachment of tree frogs. Here,
we introduce these mechanisms for the subsequent discussion of their possible contri-
butions to attachment. For a list of the used symbols and for a discussion of suction
as potential adhesion mechanism, we refer to Sections 2.S1.1.1 and 2.S1.3.4.

2.4.1 Force generation

2.4.1.1 Capillary forces

A liquid bridge in the gap between the toe pad and the substrate can be formed by
the secretion of mucus, by capillary condensation of water vapour, or by external
surface wetting (e.g. rain droplets). The meniscus of this bridge can cause capillary
contact forces (Fig. 2.3A), arising from the surface tension 7 of the liquid (Butt &
Kappl, 2009). Capillary adhesion is attractive for a concave meniscus if seen from
the gas phase (i.e. contact angle ¢ < 90°); for water, a circular, concave meniscus is
present on a hydrophilic substrate up to a meniscus height x = (7/gp) %% ~ 2.7mm
(g gravitational acceleration, p density).
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Figure 2.3 Schematic representation of capil-
lary adhesion between a toe pad (green) and a
hydrophilic substrate caused by the formation
of a mucus meniscus (blue). Left inset: Ca-
pillary adhesion between two flat, solid plates.
Right inset: Capillary adhesion between a solid
sphere and a flat, solid plate. (B) Hypothesi-
sed changes in wetting state with an increase in
substrate roughness or pad-substrate gap width
(Crawford et al., 2016). dg gap width, F| cap
capillary adhesion, R sphere radius, Rmer, Razi

B, B, B,
meridional and azimuthal radius of meniscus
curvature, [ filling angle, v mucus surface ten-
sion, ¢ contact angle. B modified after Craw-

ford et al. (2016). Printed with permission.

A circular meniscus between two smooth, flat, rigid plates with equal contact angles
(Fig. 2.3A, left inset) and with homogeneous surface energies is the first and most
common model of capillary adhesion applied to tree frogs’ toe pads (e.g. Emerson &
Diehl, 1980). According to this model, the capillary adhesion F'| .., generated by a
meniscus with azimuthal and meridional radii of curvature R,,; and Ry,e;, respectively,
is (Labonte & Federle, 2015b):

1 1
Ficap = 27Razysing + 7T]“?“?xzi’y (Rmer - Razi) (21)
Rmer dg N
2 cos ¢

The first term represents the direct action of surface tension at the three-phase contact
line (negligible at R,,; < Ruer), and the second term the effect of the Laplace pressure
across the meniscus surface. In reality, the contact angle ¢ can differ strongly from the
ideal case assumed in the described models, as a result of phenomena such as contact-
line pinning, surface energy variations due to substrate roughness, or the entrapment
of air between a rough substrate and a fluid meniscus (Fig. 2.3B; de Gennes et al.,
2004).

The capillary adhesion between a rigid sphere (radius R) and a flat plate may represent
tree frog attachment more closely than the plate-plate contact. For equal contact
angles and a filling angle 8 between the vertical and the three-phase contact line
(Fig. 2.3A, right inset; Butt & Kappl, 2009), Equation 2.1 can be rewritten to model
the sphere-plate contact:

F| cap = 2nRsinBysin(¢+ B)+ mR?sin? By (Rl — Rl ) (2.2)
R — R (1 —cosf)
2¢
R.,i = Rsinf — Ryer [l —sin (¢ + )]
. o cos (p+ )+ cosd
= 5 .
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For R < R.,; € Ryer and 3, ¢ =~ 0, Equation 2.2 simplifies to:

Ficap = A47Ry. (2.3)

The capillary adhesion between two deformable objects (one of them, for example,
being a deformable sphere, which may represent a soft, round toe pad more closely
than a rigid, flat plate) is stronger than between two rigid objects, because of an
increased contact area in the former case (Butt et al., 2010; Wexler et al., 2014). For
a discussion on the capillary adhesion of deformable objects and on capillary friction
we refer to Sections 2.51.3.2 and 2.S1.3.3, respectively.

2.4.1.2 Hydrodynamic forces

Mucus flow between toe pad and substrate during attachment and detachment ge-
nerates hydrodynamic contact forces (Fig. 2.4). Hydrodynamic adhesion (also called
Stefan or viscous adhesion) can be modelled assuming a flow between two flat, rigid
plates with radius r, fully immersed in a viscous liquid and initially separated by a
distance dg (Fig. 2.4A5; Stefan, 1874). During separation of the plates, liquid flows
from the surroundings into the widening gap. Hydrodynamic adhesion F| jyq is the
force required to overcome the viscous resistance against this flow (Reynolds, 1886;
Stefan, 1874):
odg 3 1yt

FL,hyd = *Eiﬂ'uﬁ (24)
g

Whereas the attachment of two plates may represent the contact of a flattened pad
with a substrate reasonably well, we expect that a sphere-plate contact describes the
approach of a submerged, curved pad to the substrate better. Between a smooth
sphere with radius R and a flat plate, F'| 1yq is (Cox & Brenner, 1967):

FL,hyd = ——67Tu—. (25)

Hydrodynamic forces act oppositely to the direction of surface movement and can
hence also be repulsive. Hydrodynamic repulsion during the approach of deformable
objects is lower, and adhesion during separation is higher than for rigid objects (Kaveh
et al., 2014).

Next to adhesion and repulsion, hydrodynamic effects can also cause hydrodynamic
(viscous) friction. For the shear flow of liquid between a stationary plate (i.e. the
substrate) and a plate sliding at a speed v parallel to the stationary one (i.e. the toe
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Figure 2.4 Hydrodynamic (A) adhesion and
(B) friction (1) during the schematic interaction
between a toe pad (green) and the substrate
based on displacement-induced flow of mucus
(blue) and (2) in a model of the contact of
two flat and rigid (cylindrical) plates. A area,
dg gap width, F| pyq hydrodynamic adhesion,
Fj hya hydrodynamic friction, rp plate radius,
u flow speed, v, detachment speed, v sliding
speed, y spatial coordinate normal to the sub-
strate, p viscosity.

pad; Fig. 2.4B3), the hydrodynamic friction Fj| pyq is (Landau & Lifshitz, 1987):

du
dy
_ |
= u 4 (2.6)

Finga = pd

Equation 2.6 is only valid for gaps large enough to allow free shear flow (with a
linear velocity profile), and the concept of hydrodynamic friction should be applied
with caution to tree frogs’ toe pads. It is likely that liquid is drained out of the
pad-substrate gap during sliding, in which case Equation 2.6 does not hold anymore,
particularly with an increasing sliding distance. Alternatively, viscous-poroelastic
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effects have been proposed to contribute to tree frog attachment (Tulchinsky & Gat,
2015).

2.4.1.3 Van der Waals forces

Van der Waals (vdW) interactions between single atoms or molecules of a toe pad
and the substrate may cause adhesive and frictional contact forces (Fig. 2.5). VAW
forces are known to be dominant in the attachment of geckos (e.g. Autumn & Peattie,
2002; Loskill et al., 2013) and might also play a significant role in tree frogs (Emerson
& Diehl, 1980; Federle et al., 2006).

Figure 2.5 Schematic generation of van der
Waals (vdW) forces (FL vaw, Fjj,vaw) between
ventral toe pad epidermis (green) and substrate
(grey) for a system-specific Hamaker constant
Ag. VAW interactions occur in regions of close
pad-substrate contact (red).

Between two flat plates with a contact area A separated by a distance d,, the ma-
croscopic vdW force F| yqw is (Popov, 2010):

Ay 1

—_— 2.7
67rdg3’ (2.7)

Fivaw = —

where Ay is the system-specific Hamaker constant. Ay scales with the electron density
of the interacting molecules and with temperature (Israelachvili, 2011).

Friction arising from vdW interactions between two objects sliding along each other is
termed dry (or Coulomb) friction. Dry friction Fj yqw is proportional to the normal
load F'y 1, (i.e. a body weight component F| , and, if applicable, adhesion F'; ) and
the system-specific friction coefficient p (Israelachvili, 2011):

Fivaw = mFLL (2.8)
= p(FLg+Fp).

2.4.1.4 Mechanical interlocking

Mechanical interlocking is the mutual intermeshing of (parts of) an attachment organ
and substrate asperities (Gorb, 2008). In tree frogs, interlocking between the epider-
mal cells and the asperities of a rough substrate has been proposed to contribute to
attachment (Fig. 2.6; Crawford et al., 2016; Emerson & Diehl, 1980). Arguably, the
attachment force generated by mechanical interlocking is proportional to the number
of individual contact points.
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Figure 2.6 Schematic mechanical interlocking
between a superficial cell (left star) or a nano-
pillar (right star) on the ventral toe pad epider-
mis (green) and asperities of a rough substrate
(grey) at a shear load Fjj .

2.4.2 Liquid management

The mucus between toe pad and substrate not only introduces hydrodynamic or
capillary forces, it may also lubricate the pad during sliding and hinder closure of
the pad-substrate gap requiring drainage of surplus mucus. Here, we introduce the
theories of lubrication and drainage with respect to their potential appearance in tree
frog attachment.

2.4.2.1 Lubrication

Lubrication of an object sliding over a substrate with velocity v) changes the generated
friction dramatically compared to dry friction (Fig. 2.7). The regime of lubrication
of the pad-substrate-system depends on its Stribeck number St = (pv))/(FL,LA™")
(Pitenis et al., 2014). At low St, dry pad-substrate contacts and dry friction dominate
(boundary lubrication; Equation 2.8). At higher St (e.g. lower normal load F)| 1, per
unit area), dry contacts between substrate asperities and the sliding toe pad become
less frequent, and the load of the pad is carried both by dry contacts and enclosed
volumes of mucus (mixed lubrication). At even higher St, the mucus carries most of
the load, and the pad and substrate influence each other by deformation of substrate
asperities through the mucus (elastohydrodynamic lubrication). At large St, loads are
transmitted only via the mucus layer (hydrodynamic lubrication), and hydrodynamic
friction occurs (Equation 2.6).

Boundary Mixed Elastohydrodynamic Hydrodynamic
lubrication lubrication lubrication lubrication
(,~R) @,>R) (d,>>R)

Friction coefficient ., [-]

Stribeck number St [m]

Figure 2.7 Stribeck diagram showing the proposed spectrum of lubrication modes and the re-
sulting friction coeflicients | in tree frogs’ toe pads as a function of the Stribeck number St.
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C D
Figure 2.8 Hypothesised regimes of mucus drainage in a tree frog’s toe pad. (A) Far field regime.
(B) Intermediate field regime. (C) Near field regime. (D) Drainage through the nanochannel

network and (E) the nanopillar-substrate gap. DI dimple, EC epidermal cell, NP nanopillar. dg
gap width, u flow speed. Modified after Gupta & Fréchette (2012). Printed with permission.

2.4.2.2 Drainage

In artificial adhesives (Dhong & Fréchette, 2015; Gupta & Fréchette, 2012), and pos-
sibly also in tree frogs, a channel network, which is separated by liquid from a sub-
strate, leads to several drainage regimes depending on the gap width d,. In the
nomenclature of these regimes, we follow Gupta & Fréchette (2012). For dz > do
(= we(he/(we +d.))/? =~ 13m in tree frogs; Dhong & Fréchette, 2015; Gupta & Fré-
chette, 2012), radial squeeze-out of liquid through the gap (far field regime; Fig. 2.8A)
was confirmed experimentally in artificial surfaces covered with cylindrical pillars
(Gupta & Fréchette, 2012). For dg ~ do, liquid flows increasingly through the chan-
nels, which become the main source of hydrodynamic friction, down to a distance d;
(intermediate field regime; Fig. 2.8B). For d, < dy, the viscous resistance against li-
quid flow between single pillars and substrate dominates (near field regime; Fig. 2.8C).
Drainage in tree frogs through the nanopillar channels and single nanopillar-substrate
gaps may be assessed analogously to the drainage through microscopic artificial sur-
face structures (Fig. 2.8D,E; Persson, 2007). In torrent frogs, the epidermal channel
system is elongated along the proximal-distal pad axis (Drotlef et al., 2014; Ohler,
1995). This elongation may ease the drainage of water flowing around the toe pads,
hence enabling the strong attachment of these animals on overflowed substrates (Bar-
nes et al., 2002; Drotlef et al., 2014; Endlein et al., 2013; Iturri et al., 2015; Ohler,
1995).

2.5 Attachment performance of tree frogs

The adhesive and frictional performance of tree frogs have been studied for whole
animals and single limbs or toe pads. Adhesion and friction of whole frogs have been
typically measured using a platform that rotates around a horizontal axis (Tables 2.2
and 2.3, top; Fig. 2.51.3), originally designed by Emerson & Diehl (1980) and refined
by Hanna & Barnes (1991). Simple trigonometry allows a calculation of adhesion
and friction based on the measured inclination angles at which the animals slide
on (o)) and fall off (o)) the platform (see Section 2.S1.3.1). For single limb/pad-
measurements, various force transducers (Tables 2.2 and 2.3, bottom) have been used.
Effects of substrate properties on attachment forces have been also measured and
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behavioural traits related to attachment have been observed.

Here, we address findings on the attachment performance of tree frogs with respect
to the questions stated in the introduction: Which mechanisms do contribute to tree
frog attachment and how does the pad morphology support these mechanisms? We
attempt to answer these questions by finding the best possible interpretation of the
previous findings with regard to the pad properties, functional demands and, parti-
cularly, to the above described mechanisms, for example by comparison of measured
contact forces with model predictions. Potential key questions and approaches for
future developments in the field will be described in the final section.

2.5.1 Adhesion

2.5.1.1 Measured adhesion performance

Whole animals The adhesion measured for whole tree frogs ranges between 0.5
and 372mN (Table 2.2, top) and scales above squared with snout-vent-length fgv
(F o Lsy*'?; Smith et al., 2006b). Body mass m scales roughly volumetrically (i.e.
isometrically) with gy (m X ésvs), whereas the ventral pad area A scales approxima-
tely quadratically with fsy (A X Esvz; Smith et al., 2006a). The resulting negative
scaling of contact area per body mass with body size (Smith et al., 2006a,b) leads to
a decline in adhesive performance with body size (Barnes, 1999; Barnes et al., 2006;
Emerson & Diehl, 1980; Smith et al., 2006a,b). Adhesion scales as F; oc A17119
(Barnes, 1999; Barnes et al., 2006; Emerson & Diehl, 1980) and at a higher rate with
lsy than A (Smith et al., 2006a), which is favourable compared to the situation of iso-
metric scaling. For a discussion of potential adaptations to the problem of isometric
scaling, see Smith et al. (2006Db).

Despite a variation of the measured adhesion by a factor of 10%, the tenacity (i.e.
adhesive force per unit area) measured for whole tree frogs on smooth substrates varies
relatively little, between 0.3 and 1.4 mNmm~2 (Table 2.2, top). In these calculations,
however, contact area was assumed to equal the total ventral area of all toe pads
(e.g. Hanna & Barnes, 1991; Smith et al., 2006a), whereas during the actual rotating
platform experiments the frogs tend to change the number and size of pad contacts.
Therefore, the maximum tenacity is presumably underestimated, and accordingly the
goodness of fit of the interspecific tenacity scaling by Smith et al. (2006b) with
body size (r = 0.78, p = 0.04) and epidermal cell size is low (r = 0.81 — a0.92,
p = 0.003 — 0.02, min. 1 animal for A,, min. 10 animals for F';). Furthermore, a
significant intraspecific correlation of o with fgy is not found in all tree frog species
(Smith et al., 2006a).

Single limbs/pads Tenacities measured in single pads agree with whole animal tena-
cities (Table 2.2, bottom). Endlein et al. (2017) reported an effect of the detachment
kinematics on tenacity: proximal pulling on the pads before detachment led to higher
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Table 2.2 Measured adhesion performance of whole tree frogs (top) and of single limbs/toe pads
(bottom; SP unless stated otherwise) on smooth dry substrates.

Adhesion F;, Tenacity o

Reference Species [mN] [mN mm—2] Remarks
Emerson & Diehl (1980)  H. cinerea 39.24 1.4 Teflon
Hanna & Barnes (1991) O. septentrionalis  75.5 1.2 PMMA
Barnes et al. (2006) various hylids 2.0-372.0 0.4-1.3 PMMA
Smith et al. (2006a) various hylids 4.3-180.2 0.4-0.7 PMMA
Smith et al. (2006b) various hylids 0.5-200.0 0.30-1.08 PMMA
Crawford et al. (2012) L. caerulea 255.3+£73.7 — Glass
v. Wittich (1854) H. arborea 127.53 — SL,
Frontlimb,
Metal
Hanna & Barnes (1991) O. septentrionalis  5.942.1— — SL
14.943.6
Barnes et al. (2008) L. caerulea — 0.04-1.12 Varying
load angle
Crawford et al. (2012) L. caerulea — 1.08+0.24 Glass
Endlein et al. (2012) L. caerulea 13.9-34.0 — SL
Endlein et al. (2013) R. pardalis — 1.5 PE
Crawford et al. (2016) L. caerulea — 1.74£1.90 Resin
— 1.43£0.60 PDMS
Endlein et al. (2017) R. dennysi 1.7-11.3 1.1-2.3 Varying
detachment
kinematics

PE polyethylene, PMMA polymethyl-methacrylate (acrylic glass), SL single limb measurement,
SP single pad measurement.

tenacities compared to detachment in a dabbing movement. Similarly, Barnes et al.
(2008) measured in L. caerulea a negative scaling of the tenacity with the pull off angle
01, between substrate and pulling force from 1.12mN mm™?2 at 53° to 0.04 mN mm ™2
at 170°, pointing towards peeling of the toe pads.

Local indentations In adult L. caerulea, Barnes et al. (2011) measured normal pull-off
forces (i.e. adhesion) of 585609 uN using a spherical indenter with radius r; = 1.5 mm
at indentation depths d; ~ 50-350 pm. Assuming a surface area A = 2wd;r; for the
spherical cap of the indenter in contact with the pad, we computed tenacities of
0.17-1.29 mN mm~2, which overlaps with the values reported above. Similarly, Kappl
et al. (2016) measured adhesion of 5nN in dead L. caerulea using a spherical AFM-
indenter (r; = 13.3um) at d; &~ 250-300 nm for submerged pads (i.e. no capillary force

generation), from which we calculated tenacities of 0.12-0.24 mN mm~2.

2.5.1.2 Adhesion mechanisms
Capillary adhesion Tree frog adhesion has been attributed primarily to wet adhe-
sion considering that: (i) Mucus fills the pad-substrate gap and forms a capillary

meniscus (Emerson & Diehl, 1980). (ii) Nachtigall (1974) measured for two glass
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plates separated by distilled water a capillary tenacity of 7mNmm™2, which is in
the same order of magnitude as tenacities measured for tree frogs. (iii) Tree frog
adhesion scales linearly with A, as predicted by capillary adhesion based on Laplace
pressure (Equation 2.1; Emerson & Diehl, 1980), assuming a size-invariant meridional
meniscus curvature. (iv) On rough substrates, adding liquid improves the adhesive
performance, proposedly by sustaining the meniscus.

To theoretically investigate the role of capillary adhesion, we calculated the capillary
tenacity for various combinations of meniscus curvatures (i.e. meniscus height and
pad diameter). Since the adhesion between a sphere and a plate (Equation 2.3)
does not show the area-scaling measured in tree frogs (Barnes, 1999; Barnes et al.,
2006; Emerson & Diehl, 1980), we modelled the pad-substrate interaction as plate-
plate contact (Equation 2.1). As shown in Fig. 2.9, a meridional radius of meniscus
curvature Ry, similar in size to the micro- to nanoscopic height d, of the mucus film
(e.g. 5um estimated by Barnes et al., 2006) would lead to capillary adhesion that
is several orders of magnitude higher than the tenacities measured in tree frogs. In
reality, the meniscus covers also the side of the pad (Barnes et al., 2013) and therefore
Rpner > dg /2 (compare Fig. 2.3A, left inset). Thus, Equation 2.1 might well describe
tree frog adhesion under the assumption of a realistic radius of meniscus curvature
that is much larger than the narrow pad-substrate gap width. Based on Fig. 2.9, we
predict Rpyer & 150 pm. As discussed by Drechsler & Federle (2006), we would expect
a minimisation of the radii of meniscus curvature (i.e. just enough mucus to fill the
pad-substrate gap as found in artificial structured adhesives; Drotlef et al., 2013) in
pads adapted towards capillary adhesion.
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Figure 2.9 Tenacity contours [mN mm™2]
computed for capillary adhesion at varying gap = 350
widths (i.e. twice the meridional radius of me- = 300
niscus curvature) and azimuthal radii of me-
niscus curvature (= 0.5d}), respectively, accor- = 250
ding to Equation 2.1. We assumed ¢ = 0° and -g 200
~=71.97mNm~'. The green patch shows the o
combinations of Raz; and Rmer that lead to te- (5 150

nacities in the range of measured values (Barnes 100
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Fig. 2.9 further shows that, depending on pad size, both meniscus curvatures have
to be considered in computing the capillary adhesion of tree frogs’ toe pads. To our
knowledge, models of the capillary adhesion of tree frogs, such as the ones discussed
above or in previous works (e.g. Barnes, 2012; Emerson & Diehl, 1980; Endlein &
Barnes, 2015; Hanna & Barnes, 1991), do not take into account variations in the
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contact angle (and hence of meniscus curvature) related to wetting phenomena such
as contact-line pinning or substrate roughness (de Gennes et al., 2004).

The linear scaling of adhesion with contact area (Smith et al., 2006a) is not only
explained by capillary adhesion. For example, such scaling might also originate from
suction, mechanical interlocking, or vdW forces, assuming a uniform load-distribution
over the contact area. In contrast to capillary effects, the latter two mechanisms might
directly explain the friction of tree frogs’ toe pads.

With respect to morphology, the micro- to nanoscopic channel system has been sug-
gested to support capillary adhesion by quickly spreading the mucus over the pad
surface for a rapid formation of the liquid bridge (Barnes et al., 2002; Persson, 2007).
In addition, the channels may facilitate the capillary condensation of water vapour
into the pad-substrate gap, reducing the need to actively secrete mucus. However, the
distance at which a capillary bridge forms between substrate and an artificial adhesive
covered with a channel network is reduced, presumably because liquid is redistributed
from the liquid bridge into the channels (Drotlef et al., 2013). Accordingly, channels
could also counteract quick generation of capillary adhesion, particularly if there is
only little liquid present in the pad-substrate gap.

Hydrodynamic adhesion Hydrodynamic models predict an above-area scaling of adhe-
sion with £y, which disagrees with the area-scaling measured in tree frogs. Therefore,
viscosity-based forces are not believed to play an important role in tree frog adhesion
(Emerson & Diehl, 1980; Hanna & Barnes, 1991). Due to its inherent rate-dependency,
hydrodynamic adhesion might prevent rapid detachment (Smith et al., 2006a), which
would inhibit, for example, jumping. Other adhesive mechanisms such as capillary
adhesion or vdW forces do not show such an inherent rate-dependency (Parsegian,
2006). Furthermore, hydrodynamic adhesion requires continuous pad movements,
rendering this mechanism ineffective against continuous forces such as gravity. For a
deformable pad, gap closure (and hence the formation of potential dry contacts or of
low gap widths for strong hydrodynamic adhesion) presumably is even slower compa-
red to a rigid one (Kaveh et al., 2014). In other words, hydrodynamic adhesion seems
more of a hindrance for the animal (i.e. attachment and detachment are retarded and
adaptations towards control of hydrodynamic forces may be needed), rather than a
primary mechanism of adhesion.

The empirical and modelling evidence of hydrodynamic adhesion in the soft and pat-
terned toe pads of tree frogs is limited. Current analytical models assume the contact
of rigid objects. With decreasing stiffness, fluid-structure interactions increasingly
affect hydrodynamic adhesion (Kaveh et al., 2014), and contact forces resulting from
viscoelastic substrate deformations can even exceed the hydrodynamic forces (Leroy
& Charlaix, 2011). Moreover, current models assume smooth surfaces. Modified
hydrodynamic boundary conditions are needed to model flow over structured surfaces
(Pilkington et al., 2016). Further work is required to examine if current analytical mo-
dels of hydrodynamic adhesion can represent tree frog attachment accurately.
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Van der Waals forces Previously, large gap widths and a decrease of Ay as a result
of the liquid present in the pad-substrate gap were stated to prevent any significant
contribution of vdW forces in tree frog attachment (Emerson & Diehl, 1980). To exa-
mine the possibility of vdW forces in tree frogs, we calculated the vdW-tenacity using
Equation 2.7 for various combinations of pad-substrate gap width d, and Hamaker
constant Ay for a range of values expected for tree frogs’ toe pads (Fig. 2.10; max.
Ay ~ 1071 J in dry conditions (Israelachvili, 2011); min. Ay > 0.7k, T = 2.9-1072L J
for water between two similar materials at temperature T = 26° and Boltzmann con-
stant ky, = 1.4-10723 JK—1). Even in a conservative prediction using Ag = 2.9-1072! J
and an effective contact area of 10% of A, this model yields vdW tenacities equal to
or higher than 1mNmm™2 at dy < 2.5 nm on a smooth substrate. For a 10-fold
higher Hamaker constant, which is in the range of values reported for two dissimilar
organic objects interacting across water (Israelachvili, 2011; Parsegian, 2006), vdW
forces are equal to or higher than the adhesion measured in tree frogs at d; < 6.7nm.
Using interference reflection microscopy, Federle et al. (2006) measured d, < 5nm
for more than 40% (and dgy < 10nm for more than 55%) of the analysed epidermal
cells. This sensitivity analysis suggests that tree frogs are potentially able to conform
close enough to the substrate to generate significant vdW forces despite liquid in the
pad-substrate gap and a reduced Hamaker constant.

10719, 100 105 2 1 05 0.2 0.1

Figure 2.10 Tenacity contours [mN mm™2]
computed for van der Waals (vdW) interactions
at various Hamaker constants and gap widths
according to Equation 2.7. We assumed that
10% of the contact area contributes to vdW
force generation. Dashed lines: Theoretical mi-
nimum Hamaker constant for water separating
two similar materials at 26 °C (bottom) and a
10-fold higher Hamaker constant (top). Colou-
red patches show the combinations of Ay and
dg leading to tenacities in the range of measured
values (Barnes et al., 2011, green; Kappl et al.,
2016, red).
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Morphological observations also support the action of vdW forces in toe pads. The
accumulation of electron dense material in the outermost layer of the nanopillars
(Fig. 2.1D2) could increase vdW interactions (Parsegian, 2006), analogously to the

effects of varying thicknesses of the substrate backing material on the vdW forces
reported for geckos (Loskill et al., 2013).

Summarizing, the contribution of vdW forces to adhesion cannot be excluded in tree
frogs (although more experimental evaluation is needed). Quantifications of the Ha-
maker constant, the pad-substrate gap width, and the attachment performance on
substrates with different surface energies or with chemically different backing layers
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(as performed for geckos by Loskill et al., 2013) are required for a detailed assessment
of the contribution of vdW forces to tree frog attachment.

Drainage Most mechanisms described in this review predict an increase in adhesion
(and friction) with decreasing pad-substrate gap width. Liquid in the pad-substrate
gap impedes a close conformation of the pad, and adaptations towards liquid drainage
might be at play. The different drainage regimes could help explain the function
of the micro- to nanoscopic channel network in between the ventral epidermal cells
and nanopillars. These channels might effectively enlarge the gap width (Persson,
2007), and reduce hydrodynamic repulsion (Equations 2.4 and 2.5). Thus, drainage
would alleviate a reduction of the gap width and reduce the duration of contact
formation (and separation). The grip to the substrate would be closer and faster, as
demonstrated for artificial surface structures (Chen et al., 2015; Dhong & Fréchette,
2015; Drotlef et al., 2013; Gupta & Fréchette, 2012). As described above, the flow
through the channel network is dominated by viscous effects (Dhong & Fréchette,
2015; Gupta & Fréchette, 2012).

2.5.2 Friction

2.5.2.1 Measured friction performance

Table 2.3 summarizes the friction Fj| and shear stress o measured for whole tree frogs
and single limbs/toe pads. Static friction exceeds adhesion in terms of force (Barnes
et al., 2002) and stress (Crawford et al., 2016; Endlein et al., 2017). The static friction
coefficient y of a pad ranges between 0.77 and 1.98 in various species tested on PMMA
(Barnes et al., 2006, 2002). For single toe pads, Chen et al. (2015) measured that
friction during sliding along the longitudinal pad axis exceeds the friction of lateral
sliding by ca. 20%. Kappl et al. (2016) reported a contradictory trend of 29-71%
higher friction coefficients for lateral sliding of single epidermal cells. Friction scales
with fsy just below cubed (F) o (s> 757278, Barnes et al., 2006, 2002), indicating
an approximately linear scaling with body mass. Federle et al. (2006) measured a
static shear stress of 1.12mN mm ™2 two minutes after the end of sliding, which was
explained by boundary lubrication (i.e. dry friction).

Friction dynamics are hardly studied in tree frogs. Single pad friction scales positi-
vely with sliding velocity in Osteopilus septentrionalis (Hanna & Barnes, 1991). In
L. caerulea, a (median) dynamic shear stress of 2.1 mNmm~2 was reported (Federle
et al., 2006). Dynamic peak friction values of up to 1270 mN, equivalent to 14.4 times
the body weight, were reported for single pads of Trachycephalus resinifictriz (Bijma
et al., 2016). We expect that the high frictional performance reported in recent stu-
dies (Bijma et al., 2016; Chen et al., 2015; Crawford et al., 2016; Endlein et al., 2017)
can be explained by a scaling of friction with normal load and shear velocity.
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Table 2.3 Measured friction performance of whole tree frogs (top) and of single limbs/toe pads (bottom; SP unless stated otherwise). For explanation

of abbreviations see Table 2.2.

Reference Species WMMM_» fon F) wmmm“:wnwmw_mm “l ﬁﬁﬂm @5 1] Remarks
Barnes et al. (2006) various hylids 5.5-585.7 — — — PMMA
Crawford et al. (2012) L. caerulea 285.4+94.5 — — — Glass
Green (1981) H. versicolor 357.1 — — — Pulling experiment, Frontlimbs
Hanna & Barnes (1991)  O. septentrionalis = 24.9+6.6-55.4+6.3 — — — SL
3.0-130.3 — 2.5 10-2500
Federle et al. (2006) L. caerulea — 1.08-2.01 0.1 500 Glass
Endlein et al. (2012) L. caerulea 1.6-10.4 — — — SL
Endlein et al. (2013) R. pardalis — 1.5 — — Glass
Chen et al. (2015) P. megacephalus 17.52 — 3 300 Glass
Bijma et al. (2016) T. resinifictric 110-1270 — — — Jumping kinematics, Wood; SL
Crawford et al. (2016) L. caerulea — 7.8+12.9 2 1000 Resin
— 5.9+2.6 PDMS
Zhang et al. (2016) P. megacephalus 14.5-122.7 — — — Repeated sliding
Endlein et al. (2017) R. dennysi 25.1-51.2 9.6 2 600 Varying detachment kinematics

F 1, normal load, v|| sliding speed.
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2.5.2.2  Friction mechanisms

Mechanical interlocking Interlocking of epidermal cells or nanopillars with substrate
asperities might contribute to friction (and adhesion) of tree frogs (Green, 1981).
Interlocking might explain the enhanced attachment forces measured on substrates
covered with artificial pillars similar in size to the epidermal cells (and channels;
Crawford et al., 2016). An enhanced contact area for dry or hydrodynamic friction
might be an alternative explanation of this observation.

Overall, interlocking, as described for stiffer attachment organs such as claws (Bullock
& Federle, 2011; Dai et al., 2002), is debatable for the delicate epidermal cells of tree
frogs. The use of substrates with a well-defined topography (e.g. structured or random
roughness as in Crawford et al., 2016) is crucial in future investigations.

Lubrication: from dry to hydrodynamic friction The measured mass- (and therefore
load-) scaling of friction (Barnes et al., 2006), the observation of static friction, and
nanoscopic pad-substrate gap widths (Federle et al., 2006) indicate the presence of dry
friction. However, the measurement of a lower static than dynamic friction (Federle
et al., 2006) conflicts with dry friction and suggests the action of additional friction
mechanisms.

For example, the presence of mucus and the positive scaling of friction with sliding
velocity point towards hydrodynamic friction (or possibly rubber friction; Barnes
et al., 2002; Popov, 2010). Physiological adaptations towards enhanced hydrodynamic
friction could target the mucus viscosity, velocity gradients, and contact area: the
wetted contact area, which is considerably larger than the projected area, and high
velocity gradients because of the nanoscopic pad-substrate distances may enhance
hydrodynamic friction, despite a low mucus viscosity.

Overall, we expect that tree frogs experience the whole lubrication spectrum from dry
to hydrodynamic friction, with boundary lubrication as preferred regime of lubrica-
tion, because it provides static friction, which is load-dependent and hence controlla-
ble.

Lubrication might also explain the large amount of glands secreting mucus into the
pad-substrate gap. Compared to geckos (Autumn & Peattie, 2002), the surface of
tree frogs’ toe pads is keratinised only little and is accordingly very soft. While
this facilitates the uptake of water and oxygen through the skin (Wu et al., 2017)
and enhances the substrate conformability, we also expect the soft pads to be more
susceptible to abrasive wear (Popov, 2010). A thin layer of mucus (i.e. a few layers
of mucus molecules) might act as lubricant to avoid excessive damage of the pad
epidermis while maintaining a sufficiently high pad friction.

Friction anisotropy Lubrication could also cause the anisotropic friction of polygonal
surface structures observed in toe pads (Chen et al., 2015), with a higher friction in
the longitudinal direction than in the lateral direction, and in artificial surfaces (Iturri
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Figure 2.11 Variation of the falling angle o with substrate roughness R, on an inclined, dry
substrate (circles from Fig. 5 by Barnes, 1999, Hyla microcephala; crosses from Fig. 8A by Barnes
et al., 2002, Colostethus trinitatis; diamonds from Fig. 3B by Endlein et al., 2013, Rhacophorus
pardalis; squares from Fig. 1B by Crawford et al., 2016, Litoria caerulea). Green areas denote the
diameter range of nanopillars (left) and epidermal cells (right) reported in the main text. Dashed
line: Falling angles below 90° show the lack of adhesive abilities. Most roughness values mentioned
in the references are approximations and do not originate from measurements.

et al., 2015), where the friction of a regular pattern of regular hexagonal pillars is 60°-
symmetric: friction anisotropy might arise from direction-dependent liquid flow in
the channel network because of anisotropic channel alignment (Chen et al., 2015), or
from the anisotropic geometry and bending stiffness of the surface structures (Iturri
et al., 2015). Furthermore, we propose that the anisotropic channel alignment could
lead to anisotropic sliding velocities and a direction-dependent transition to another
lubrication regime (and friction coefficient). In tree frogs, high friction along the
proximal-distal pad axis seems most important, as suggested by yawing motions of
the toe pads in jumping frogs before landing (Bijma et al., 2016), which agrees with
anisotropic friction predicted by the theories of anisotropic flow.

2.5.3 Effects of variations in substrate properties on attachment

2.5.3.1 Measured effects

Roughness In Fig. 2.11, we provide an overview of tree frog adhesion as a function
of the (arithmetic) average roughness R, of the substrate. For R, < 6 pm, the tena-
city was reported to increase compared to a smooth surface (Crawford et al., 2016).
Crawford et al. (2016) also measured a higher tenacity on a substrate with structu-
red roughness (i.e. 3 pm high and 2 pm wide pillars with variable spacing) than on a
smooth substrate. With increasing pillar spacing, the tenacity returns to the values
measured for smooth substrates at a spacing > 10 pm. Tree frogs tend to adhere worse
to rough substrates (Barnes, 1999), for example wood or coarse sandpaper, which was
also observed for smooth substrates contaminated with glass beads with a diameter
of 50 um (Crawford et al., 2012). At R, > 0.5 mm, adhesion increases again.

Effects of R, on friction have been hardly studied. Compared to various other sub-
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strates, in ten species the highest friction coefficients were found on wood (Barnes
et al., 2002). Similar to adhesion, higher shear stresses were measured on substrates
with R, = 3-6 pm than on smoother substrates (Crawford et al., 2016). For microsco-
pic glass beads (diameter < 3pm), Crawford et al. (2016) observed interlocking of
the beads in the intercellular epidermal channels.

Wetting Tree frogs cannot attach to a fully wetted, smooth substrate (Brehm, 1892;
Emerson & Diehl, 1980; Siedlecki, 1909; v. Wittich, 1854). Endlein et al. (2013)
described a reduction of 0| from ca. 1.5 mNmm~2 to ca. 0.1 mN mm~2 when wetting
the pad with 10 pL of water, which is equivalent to a 2.3 mm thick liquid film assuming
an average pad surface of 4.3mm?. On rough substrates, on the other hand, light
wetting (i.e. rates of 0.8-1.9 mL s~ of water flowing over the test substrate or spraying
water on the substrate) increases adhesion compared to dry conditions (Barnes, 1999;
Barnes et al., 2002; Crawford et al., 2016; Endlein et al., 2013). Crawford et al. (2016)
reported the ability of L. caerulea to fill gaps—created by 50-75 pm large glass beads
contaminating the substrate—with mucus. For even larger beads, air bubbles formed
in the pad-substrate gap.

‘Full’ wetting weakens friction on smooth and rough substrates (Endlein et al., 2013).
In repeated friction measurements on individual toe pads (10 consecutive steps),
Zhang et al. (2016) measured an increase of friction with step number (from 14.5 mN
to 122.7mN), presumably because of a reduction of the liquid volume between pad
and substrate. Similar to adhesion, friction on a rough substrate (58.5 pm) increases
by light wetting (Crawford et al., 2016).

Surface energy/tension The only study investigating the influence of substrate surface
energy on adhesion reported a difference of the mean falling angle by 9° in frogs sitting
on glass versus teflon (Emerson & Diehl, 1980). A reduction in surface tension of the
intervening liquid by wetting a substrate with water mixed with a detergent led to a
complete loss of friction (Green, 1981).

2.5.3.2 Functional interpretation of measured effects

Capillary adhesion The reduced adhesion of tree frogs on dry, rough substrates has
been attributed to the formation of bubbles within substrate cavities (Fig. 2.3B3),
reducing the contact area available for capillary adhesion (Barnes, 1999). However,
meniscus cavitation around glass beads in the pad-substrate gap occurs only for bead
diameters > 50 pm (Crawford et al., 2016), leaving the reduced adhesion at lower
roughnesses unexplained by reduced capillary forces. In addition, capillary adhesion
is unlikely to explain the increased adhesion on rough substrates for R, < 6pum
(Crawford et al., 2016), unless the low contact angle is further reduced because of
roughness. These observations point towards the action of other adhesion mechanisms
that are affected by microscopic roughness levels.
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The loss of adhesion on a fully wetted substrate may result from a complete de-
struction of the meniscus and of capillary force generation (Emerson & Diehl, 1980).
Alternatively, strong wetting could widen the pad-substrate gap, weakening all po-
tentially involved mechanisms.

The enhanced adhesion on rough substrates by light wetting has been explained by
‘filling” of substrate cavities and by the preservation of the liquid bridge (i.e. capillary
adhesion; Barnes, 1999). However, stronger capillary adhesion may also lead to a
reduction of the pad-substrate gap width or an enlargement of the area of dry contact,
hence indirectly enhancing other mechanisms of force generation, which are likely to
be weakened at the tested roughness levels of ca. 30-60 pm (Crawford et al., 2016;
Endlein et al., 2013).

‘Dry’ adhesion mechanisms The enhanced adhesion on substrates with asperities
< 6um may be explained by mechanical interlocking (Crawford et al., 2016). One
could also attribute this finding to an enhanced contact area and vdW forces. The
seemingly continuous decrease of a; shown in Fig. 2.11 for R, = 2-60 num suggests
a continuous reduction of the effective ‘dry’ contact area and vdW forces with in-
creasing roughness (in contrast to an expected drop of capillary adhesion because of
meniscus cavitation at a critical roughness). Also, the weakened adhesion on rough
(i.e. a reduced effective contact area) as well as wetted smooth substrates (i.e. a wider
pad-substrate gap and a reduced Hamaker constant) and the scaling of tenacity with
the number of beads contaminating the pad-substrate gap (i.e. a reduced effective
contact area) reported by Crawford et al. (2012) are consistent with vdW forces. The
enhanced adhesion on very rough substrates (R, > 0.2 mm) might be created by the
whole toe pad interlocking with macroscopic substrate projections.

Friction mechanisms ~Similar to adhesion, the increase of friction on microrough com-
pared to smooth substrates may originate from mechanical interlocking (Crawford
et al., 2016). Alternatively, an increase in effective contact area and vdW forces could
explain this finding. The negative correlation between friction and the mucus volume
present in the pad-substrate gap suggested by the findings of Endlein et al. (2013) and
Zhang et al. (2016) may originate from the inverse scaling of hydrodynamic friction
with mucus film thickness. Alternatively, more (and stronger) dry contacts could
explain this observation.

2.5.4 Behavioural adaptations and attachment control

Studying the use of a pad (and of other body parts) during locomotion provides insight
into the dynamic mechanisms of force generation and attachment control in tree
frogs. For example, the digits in the forelimbs perform a proximal pulling movement
during attachment in normal walking (Hanna & Barnes, 1991; Schuberg, 1891). Such
movements increase the attachment force (Endlein et al., 2017), possibly because of
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an increased contact area, enhanced mucus spread, a more uniform load distribution,
or pad cleaning (Crawford et al., 2012).

On an increasingly tilted substrate, L. caerulea begins to splay the initially adducted
limbs until all appendages are maximally extended (Endlein et al., 2013, 2012). Limb
splaying reduces the angle 0y, between substrate and pulling force, which is aligned
approximately with the limb, and thus increases the force at which the pad peels off
(see Section 2.S1.3.5); sliding of the limbs and an increase of 6p, because of gravity
result in the need to continuously reposition the fore- and hindlimbs, which explains
the ‘dance-like’ movements of tree frogs on overhanging substrates (Endlein et al.,
2013).

During attachment, tree frogs rely not only on their pads but also on portions of belly
and thighs to create contact forces (Hanna & Barnes, 1991). At a slope of 90°, belly
and thigh form 73% of the total contact area (Endlein et al., 2013). However, on
an overhanging substrate the contact area is largely formed by the toe pads (Endlein
et al., 2013). Torrent frogs show a different behaviour, with an increasing contribution
of belly and thighs to the contact area with an increase of the substrate inclination
from 90° to 180° (Endlein et al., 2013), highlighting the importance of considering
animal behaviour while studying the attachment performance of whole animals.

The toe pads detach from the substrate during normal walking in a peeling motion
from posterior to anterior (Hanna & Barnes, 1991). Detachment is probably controlled
by the tendons and muscles (Hanna & Barnes, 1991), and peeling occurs passively
when the pad is pulled from the substrate. On a vertical substrate, tree frogs that
are rotated around the sagittal body axis realign their bodies towards the vertical
axis, presumably to avoid passive peeling (Barnes et al., 2006; Hanna & Barnes,
1991).

2.6 Conclusions and perspectives

Studies on morphology, material, and attachment forces of the toe pads of tree frogs
have contributed considerably to the understanding of the attachment of these ani-
mals. We offer a systematic review of these studies, facilitating an in-depth discussion
of the mechanisms involved in the generation, transmission, and control of attachment
forces in the toe pads. Research which integrates contributions from experimental and
computational biomechanics, physics, biochemistry, morphology, ecology, phylogene-
tics, and biomimetics is required to further deepen our understanding of tree frog
attachment. Simultaneously, the discussion on tree frog attachment should be ex-
tended beyond isolated theories and pad features. An overarching model is needed,
which integrates the functional demands on the toe pads, the pad morphology, and
the various mechanisms contributing to time-dependent adhesion and friction. Here,
the formulation and testing of a systematic series of hypotheses may help to identify
the mechanisms to be considered. Moreover, we emphasise the role of friction in tree
frog attachment. Recent works (e.g. Endlein et al., 2012, 2017; Federle et al., 2006;
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Kappl et al., 2016) have highlighted the importance of friction in tree frog attachment
and future studies on toe pad friction may advance the understanding of the functio-
ning of tree frog toe pads. Due to the diversity of the involved phenomena, achieving
an understanding of tree frog attachment arguably is even more complicated than
for the attachment in geckos. Below, we outline possible contributions from various
disciplines which may improve our understanding of tree frog attachment.

We argue that the pad-substrate contact area has been overestimated in previous
research (Bijma et al., 2016; Crawford et al., 2016), pointing towards an underesti-
mation of the adhesive and frictional performance of tree frogs. In addition, tenacity
and shear stress of so-called subarticular/digital tubercles—more proximal regions of
digital epidermis covered with surface structures similar to those on the pads—were
measured to be on average 3.2-8.8 times higher compared to the pads (Endlein et al.,
2017). The difference in attachment performance between the toe pads and tubercles
is not yet explained.

It is likely that tree frogs rely on several attachment mechanisms, and that the relative
importance of these mechanisms varies with the circumstances (Emerson & Diehl,
1980), because tree frogs have to interact with a wide diversity of natural surfaces,
requiring static and dynamic, adhesive and frictional, reversible, and repeatable force
generation. In addition, tree frog species vary greatly in size (with ranges of snout-
vent-length and body mass covering up to two orders of magnitude; Smith et al.,
2006b). Next to variations of substrate properties, the attachment apparatus of tree
frogs has to deal with this scaling.

A liquid bridge in the pad-substrate gap most likely enables capillary adhesion. Cur-
rent analytical plate-plate models overpredict the generated capillary adhesion by
several orders of magnitude, sphere-plate models do not predict an area-scaling of ad-
hesion, and experimental findings (e.g. pad-substrate gap widths < 5nm and increased
adhesion on microrough compared to smooth substrates) indicate the involvement of
other adhesion mechanisms. To directly evaluate the applicability of current models
of capillary forces in tree frog attachment, we propose the simultaneous measurement
of the capillary pressure within the meniscus and of meniscus parameters such as
height (i.e. curvature), diameter, and contact angle.

Hydrodynamic adhesion is hard to predict by analytical models. This mechanism
seems more of a hindrance for the animal (e.g. slower attachment and detachment),
rather than a primary mechanism of adhesion. We suggest a combination of the visua-
lisation of the mucus flow under a real pad (e.g. via micro-particle-image-velocimetry),
the development of a computational fluid dynamics model including fluid-solid inte-
ractions, and measurements on artificial hierarchically structured surfaces to further
investigate the mucus flow dynamics and the resulting hydrodynamic forces in tree
frogs.

A sensitivity analysis shows that even in a conservative computation van der Waals
(vdW) forces could contribute to tree frog adhesion. Measurement of the attachment
performance on substrates with similar surface energies but different subsurface ener-
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gies, as done for geckos (Loskill et al., 2013), may help to conclude on the possibility
of vdW forces contributing to tree frog attachment.

Mechanical interlocking and suction cannot be ruled out as additional adhesion me-
chanisms. Variation of the environmental pressure should directly affect the hypot-
hetical suction of tree frog toe pads. In line with previous experiments (Emerson &
Diehl, 1980; Schuberg, 1891), we suggest single pad force measurements in a pressure
chamber to test whether suction is present.

A simultaneous measurement of the three-dimensional contact force exerted by a sin-
gle pad over a whole step cycle, contact area, and pad deformation is still missing.
Such an observation is crucial for enhancing the understanding of the fundamentals
of tree frog attachment. In such an experiment, control—or at least reporting—of ex-
perimental parameters such as normal load, sliding speed, contact area, or gap width
is crucial, as presented in recent studies (e.g. Crawford, 2016; Endlein et al., 2017).
This also includes a characterisation of the used test substrates and of environmental
conditions (e.g. temperature and air humidity). Also, the amount of mucus in the
pad-substrate gap should get controlled, for example by bringing the pad in contact
with a glass slide under defined conditions (as shown for insects; Bullock et al., 2008;
Dirks & Federle, 2011). Comprehensive control and reporting of the experimental
conditions may facilitate future meta-analyses on the attachment performance of tree
frogs.

With respect to the effects of the variation of substrate properties on tree frog atta-
chment, only roughness has been tested extensively. In geckos, the effects of variations
in surface and subsurface energy as well as stiffness of the substrate have been analy-
sed experimentally (Klittich et al., 2017; Loskill et al., 2013). Analogously, we suggest
systematic variations of substrate properties (e.g. roughness and surface energy), pro-
perties of the wetting liquid (e.g. surface tension and viscosity), and simultaneous
measurements of adhesion, friction, and contact area of single pads in combination
with variations of preload, sliding speed, and detachment speed, to determine the
full range of the attachment performance of tree frogs. In particular, a parametric
friction study with control of normal load, sliding speed, and gap width would help to
establish the dependence of friction on the Stribeck number (i.e. the Stribeck curve).
Such a study could give a better understanding of the involved tribological mecha-
nisms (e.g. the role of the mucus in friction) and might allow for conclusions on liquid
and material properties (Pitenis et al., 2014) of the pad by comparison to Stribeck
curves of known systems.

In contrast to geckos, tree frogs secrete mucus, which presumably fulfils various functi-
ons: (i) epidermal water and oxygen uptake, (ii) capillary and hydrodynamic force
generation, (iii) avoidance of pad stiffening and a reduced conformability, and (iv)
lubrication and hence reduction of abrasive wear. Studying the mucus properties is
central to elucidating tree frog attachment.

Considering the effects of variations of roughness and wetting on tree frog attachment,
we propose an interplay of vdW and capillary forces depending of substrate roughness:
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On low-roughness substrates (R, < 10-20 pm), vdW forces could be dominant and
any liquid between pad and substrate would weaken this adhesion component. On
rougher substrates, a liquid filled pad-substrate gap may support capillary adhesion,
which then could (partially) compensate for the expected reduction of vdW forces.
Based on this hypothetical interplay, we predict a trade-off in force generation based
on capillarity and vdW interactions: Liquid filling the pad-substrate gap enhances
capillary forces, but too much liquid reduces the Hamaker constant and vdW inte-
ractions.

Morphology and material composition of the toe pad suggest a high conformability
to the substrate (i.e. reduced pad-substrate gap width and enhanced effective con-
tact area) and consequently the importance of dry contacts: The hierarchical surface
pattern on the ventral pad surface presumably reduces the effective bending stiffness
of the surface and increases the wetted area of the pad. The intercellular channel
network, the convex pad curvature, and macroscopic grooves on the ventral epidermis
may facilitate viscosity-dominated drainage of interstitial liquids and gap-closure in
the central part of the pad, and inertia-dominated drainage in the grooves and in the
peripheral contact region, unaffected by the presence of epidermal surface structures
(similar to, for example, car tires; Persson, 2007). Furthermore, the pads are very
soft, enabling the conformation to a rough substrate. Barnes et al. (2011) repor-
ted a negative spatial stiffness gradient from the pad surface towards deeper tissues.
Analysing the shape of this gradient may help to understand the conformability and
distribution of mechanical stresses within the pad epidermis. Considering the load
transmitting elements such as tonofilaments, we expect a higher tensile stiffness than
the compressive stiffnesses reported in Table 2.1. The effects of such a variable elastic
modulus or of potential non-Hookean material properties (e.g. strain stiffening) on
force generation are unknown.

The trajectories of the epidermal tonofilaments presumably facilitate force transmis-
sion through the epidermis, but how are forces transmitted from there to the phalanx
and to other body parts? We suggest a detailed morphological analysis (employing
histology, immunohistochemistry, and micro-computer-tomography) of tree frogs’ toe
pads, with focus on force-transmitting structures, such as cytoskeletal elements, con-
nective tissue, and muscular tissue. Such an analysis may show (i) where exactly
contact forces are generated, (ii) which types of loading are dominant in the pads,
and (iii) whether shear stiffening, as observed in geckos (Bartlett et al., 2012b; Gilman
et al., 2015), is common in both dry and wet adhesives. We expect that force trans-
mission within the epidermis limits local stress concentrations, enhancing adhesion
(Labonte & Federle, 2015b).

Little is known about active components and attachment control in the toe pads.
Can tree frogs actively modify the geometry of the epidermal channels to control, for
example, hydrodynamic force generation? Do the pads facilitate energy recovery du-
ring take offs from compliant substrates (Astley et al., 2015)? The muscular complex
in the limbs of tree frogs suggests that tree frogs can control alignment of the pads
and parameters such as normal and shear loading forces and speeds, thus regulating
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attachment force generation.

Next to capillary friction and suction (see Sections 2.S1.3.3 and 2.S1.3.4), there may
be other attachment mechanisms that have not yet been identified or have been only
hypothesised. For example, Bijma et al. (2016) explained the high friction of toe pads
wrapped around curved substrates by capstan friction (i.e. the increased holding force
of a rope wrapped around a winch). Friction of a soft pad could also partially arise
from pad deformations due to surface tension at the three-phase contact line. During
pad sliding, a movement of the contact line might induce dynamic pad deformations
leading to energy dissipation in the potentially viscoelastic pad (Karpitschka et al.,
2015). Furthermore, viscoelasticity of the soft pads may affect friction independently
of the presence of a meniscus (Labonte & Federle, 2015a): In so-called rubber friction,
substrate roughness causes dynamic deformations of the toe pad. Thus, during sliding,
energy is continuously dissipated in the material, which can be seen as friction resisting
sliding (Barnes et al., 2002; Popov, 2010).

The toe pads of tree frogs can serve as a model system for the design of biomimetic
adhesives, inspiring novel versatile attachment solutions. A deeper understanding of
the attachment mechanisms and functional advantages of the hierarchically structu-
red ventral pad surface (i.e. epidermal cells and nanopillars) could further advance the
design of biomimetic adhesives. In this light, we propose a comparative examination
of intraspecific differences in habitat, attachment performance, and morphology of
the whole pad as well as the epidermal surface structures, as done in geckos (Elstrott
& Trschick, 2004; Irschick et al., 1996). One could expect, for example, fore-hindlimb
differences in morphology and attachment performance because of different functi-
ons (hindlimbs serve in jumping Emerson, 1978; forelimbs serve as shock absorbers
Nauwelaerts & Aerts, 2006). Furthermore, adhesion was reported to correlate with
cell size (Smith et al., 2006b). Although not fully substantiated, the examination of
such a correlation may lead to new insights in the role of the different attachment
mechanisms in tree frogs. Are cell geometry, size of the intercellular channels, or the
stiffness of a cell (or a combination of these features) causal factors affecting atta-
chment? What is the optimal geometry of the polygonal surface structures? The
hierarchical surface structures on the ventral toe pad epidermis, the scaling of atta-
chment performance with cell size, and the potential presence of vdW forces in tree
frog attachment may also hint towards the working of contact splitting (i.e. the in-
crease of attachment force resulting from subdivision of the contact area), which has
been discussed for various biological and technical attachment systems (Arzt et al.,
2003; Jagota & Hui, 2011; Kamperman et al., 2010; Labonte et al., 2015; Labonte
& Federle, 2015b). Further work is required to elucidate the importance of contact
splitting in tree frogs. We expect that the design of biomimetic adhesives will benefit
significantly from addressing these issues.
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2.5l

Supporting information

2.51.1 Symbols and abbreviations

2.51.1.1 List of symbols

Table 2.SI.1 List of Roman (top) and Greek (bottom) symbols in alphabetical order.

Symbol SI Unit Description

A m? Ventral surface area of all toe pads / Contact area

ac m Edge length of the hexagonal, apical surface of epidermal cell

Ac m? Apical surface area of an epidermal cell

Ac,c m?2 Projected area of an epidermal cell and the surrounding channel

Ac,w m? Wetted area of an epidermal cell and the surrounding channel

An J =kgm?s2 Hamaker constant

Ay o m? Apical surface area of a nanopillar uncovered by a dimple

Aetr m? Apical surface area of all nanopillars uncovered by a dimple, i.e.
potential contact area for vdW interactions

Ap m? Ventral surface area of a single toe pad (i.e. apparent contact
area)

b m Tape width

de m Approximate diameter of the hexagonal, apical surface an
epidermal cell

dg m Width of gap between substrate and an object (e.g. toe pad or
synthetic adhesive)

d; m Indentation depth

dn m Approximate diameter of a nanopillar

dp m Diameter of the contact area of a single toe pad

do, di m Critical gap widths in drainage flow

Etm,c Pa =kgm~'s~2  Young’s modulus [of the fibre (f) and matrix (1) fraction of a
composite material (c)]

Eg Pa =kgm s~ 2  Effective elastic modulus of a system of two contacting objects

E* Pa =kgm~!'s™2  Effective elastic modulus

Iy, N = kgms—? Load

Fm N = kgms—2 Body weight

F, N = kgms—2 (Maximum) adhesion, generated by capillary effects (cap),
hydrodynamic effects (hyq), vdW interactions (yqw), mechanical
interlocking (mec), or suction (suc)

F g N = kgms—? Body weight component normal to surface

F L N = kgms—? Normal load

Ey N = kgms—? (Maximum) friction, generated by capillary effects (cap),
hydrodynamic effects (hyq), vdW interactions (yqw), mechanical
interlocking (mec), or suction (suc)

Fig N = kgms—2 Body weight component parallel to surface

FL N = kgms~2 Shear load

g ms~2 Gravitational acceleration

h m Film thickness

he m Height of a freestanding hexagonal cell

hm m Height of artificial surface structure

hn m Height of a nanopillar

kb JK-1 = Boltzmann constant

kgm?s—2

— continues on the next page —
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— continued from the previous page —

Symbol SI Unit Description
ki,ko, k.. var. Constants used in curve fits
123% m Snout-vent-length
m kg Body mass
Ne - Number of cells per toe pad
Nn,c - Number of nanopillars per cell
Nn,p - Number of nanopillars per toe pad
P - Probability value
P, Pa = kg m-1s2 Suction pressure
Penv Pa =kgm~1s~2  Environmental pressure
r - Coefficient of determination
Ti m Indenter tip radius
Tn m Dimple radius
R m Radius of curvature of a toe pad or sphere
Ra m Arithmetic average roughness
Razi m Azimuthal radius of meniscus curvature
Rmer m Meridional radius of meniscus curvature
Tp m Radius of cylindrical plate
St - Stribeck number
Rs m Radius of curvature of a system of two contacting objects
St - Stribeck number
t s Time
T K Temperature
u ms— 1! Flow speed
v ms— 1t Normal detachment speed
v)| ms~! Sliding speed
Vi - Volume fraction of the fibres of a composite material
We m Width of a channel between two epidermal cells
Wn m Width of a channel between two nanopillars
W, Jm=2 = kgs2 Work of adhesion
Qe ° Internal angle of a hexagonal epidermal cell
o ° Falling angle in rotation table experiments
Q| ° Sliding angle in rotation table experiments
° Meniscus filling angle
Ac m Peeling distance
AP Pa =kgm~'s~2  Suction pressure difference
Ar m Distance between dimple perimeter and midpoint of an edge of a
nanopillar
Ay Nm~! = kgs~2 Fracture energy
¥ Nm~! = kgs™2 Surface tension
K m Maximum meniscus height for capillary condensation
n - Drainage efficiency factor
01, - Angle between load and surface
I Pas = Dynamic viscosity
kgm~1ls™1
M| - Friction coefficient
v - Poisson’s ratio
P kgm~3 Fluid density
Pe m~2 Density of epidermal cells per toe pad area
Pch mm~?2 Length of channels between epidermal cells per toe pad area
ol Pa =kgm~'s™2  Tenacity
g Pa =kgm~1's™2  Shear stress
01 ,max Pa=kgm 1s™2 Maximal tenacity

— continues on the next page —
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— continued from the previous page —

Symbol SI Unit Description

1,21t ° Contact angle between gas-solid (1) and gas-liquid interface (2)
at leading (1) and trailing edge (1), respectively

2.S1.1.2 List of abbreviations

Table 2.SI1.2 List of abbreviations in alphabetical order.

Abbreviation Description

AFM Atomic force microscopy

CI Confidence interval

JKR Johnson-Kendall-Roberts

MT Microtribometry

PDMS Polydimethylsiloxane

PE Polyethylene

PMMA Polymethyl-methacrylate
PVS Polyvinylsiloxane

SE Standard error

SEM Scanning electron microscopy
SL Single limb measurement

SP Single pad measurement
TEM Transmission electron microscopy
vdW van der Waals

2.51.2  Morphological and material properties of a toe pad

2.51.2.1 Geometrical model of the surface of the ventral toe pad epidermis

The symbols b, ¢, d, e, I, B., and r, are not listed in the table of symbols for the
sake of clarity. A circular toe pad with a diameter d;, has a ventral surface area A,
of:

g\ 2
Ay~ <?p> (2.51.1)
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Assuming a equilateral hexagonal outline, the projected apical surface area A. of a
single cell is (Fig. 2.51.1A):

Ac=2bc+2bac (2.81.2a)
¢ = 2arccos (i) (2.S1.2b)
Gc
. [ Cc
b = acsin <?) (2.51.2¢)
Q¢
¢ = ac Cos (7) (2.51.2d)

Figure 2.SI.1 Geometrical parameters of our model of the ventral surface of a tree frog’s toe
pad. (A) Calculation of the projected surface area of a single epidermal cell (Ac, dark) and the
surrounding channel (light). (B) Calculation of the projected surface area of a single nanopillar
(medium), the surrounding channel (light) and the dimple (dark). dc cell diameter, ac cell edge
length, wc channel width, . opening angle, A. apical surface area, d, nanopillar diameter,
wn nanopillar channel width, Ar distance between dimple and nanopillar edge. CH channel,
DI dimple, NP nanopillar.

The projected area covered by a cell and the surrounding channel A, . is:

Ace=20b+d)(c+l—e)+2(b+d)(ac+2e) (2.S1.3a)
B. = arctan (%) (2.S1.3b)
e =d tan (f;) (2.51.3d)
d
This gives ca. n. cells per toe pad:
Ap
Ne = AC’C (2814)
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The wetted area A. ., neglecting the nanopillars, of a single cell is:
Acw = Ace + 6 ac he (2.SL5)

where hc is the height of the free-standing cell. Equations 2.51.2a, 2.51.3a and 2.S1.5
can be used analogously to calculate the different areas of a single nanopillar (assuming
an equilateral hexgonal outline; Fig.2.SI1.1B), which gives n, . nanopillars per cell and
in total n, , nanopillars per pad:

Ac
n,ec = 2.S1.
N, e (2.S1.6)
Np,p = Nc Nnc (2817)

We exclude the dimples on the apical nanopillar surfaces from the effective apical
contact area of the whole toe pad in close contact to the substrate. Assuming a
circular dimple on a nanopillar with a regular, hexagonal outline with a minimal
distance Ar between dimple perimeter and nanopillar edge centroid, the effective
apical area is:

Apef. = Ay — 7 r2 (2.51.8a)

o = %ﬁ — Ar (2.SL.8b)

The total ventral pad area effective for vdW force generation is:

A, = An,cff. Nn,p (2819)

2.51.2.2 Fibre-matrix analogy of a toe pad

Scholz et al. (2009) proposed an analogy of the tree frog’s toe pad epithelium with
a fibre-reinforced material. Assuming the layer of nanopillars to be a simple, unidi-
rectional fibre-matrix-composite, the effective elastic modulus of the composite E, is
(Kitchener & Vincent, 1987):

Ee = EsVi+ En(1 — V) (2.SL.10)

The indices mark the elastic modulus E and the volume fraction V' of the fibres ()
and the matrix (,). With this relation, we can compute the expected volume fraction
of fibres for a given composite’s effective elastic modulus. We assume a composite
stiffness of 14 MPa, as found for the keratinised layer, and further a matrix stiffness
of 20kPa, as found for the whole pad (e.g. Barnes et al., 2011), which presumably
is dominated by the underlying matrix (Table 2.1). With E* = 4 GPa for kerati-
nous tonofilaments (e.g. Vincent & Wegst, 2004), Equation 2.S1.10 results in a fibre
volume fraction of 0.2%. As shown in Fig. 2.1D,, the apical ends of the epithelial
cells are densely packed with tonofilaments and 0.2% underpredicts the fibre content.
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The hypothesised asymmetric stiffness of the tonofilaments with a higher stiffness in
tension than in compression most likely explains this deviation. In compression, the
fibre stiffness F'y arguably will be arguably lower, for which Equation 2.SI1.10 predicts
a higher fibre ratio V; with Ej.

2.51.2.3 Scaling of tenacity with snout-vent-length

Previously, the relation between tenacity o and snout-vent-length /sy has been mo-
delled linearly (e.g. Smith et al., 2006a). A linear model is not able to predict local
optima or asymptotic limit values in the o -fsy-relationship, thus possibly neglecting
physical limitations (e.g. a maximum possible tenacity for a given attachment mecha-
nism). As shown in Fig. 2.S1.2, linear scaling of o | with snout-vent-length fsy results
in 0, = ky + kolsy [where ky = 0.45£0.09 mN mm~2, ko = 0.00640.001 mN mm ™3,
mean+95% confidence-interval (CI), Standard error (SE) = 0.23 mN mm~2] using to-
tal least squares regression. We quantified CI with a Monte Carlo approach (1000
iterations). One could argue that a relation converging to a limit value, for example
an exponential growth decay model (01 = 01 max [1 — €™ (‘]SV_’“?)} ), represents the
tenacity scaling of tree frogs more closely than a linear one, which predicts unrealis-
tically large adhesive tenacities in frogs larger than 10 cm. In the exponential growth
decay model, k; and k; are fitting constants and 0 | mq. is the maximum tenacity. By
fitting this function to the maximum tenacities measured in tree frogs, we can com-
pute a maximum adhesive tenacity o mqee = 0.88£0.07mN mm 2 (standard error
SE = 0.21 mNmm~?; Fig. 2.SL1.2).
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2.51.3 Attachment performance of tree frogs

2.51.3.1 The rotation platform experiment

For a frog sliding/falling on/from a platform that rotates around a horizontal axis,
adhesion F|, friction F| and friction coefficient y calculate as follows from the angles
of falling (a1 ) and slipping («oy; Fig. 2.SL.3):

Fj =mg sin(o)) 0° <o) <90° (2.51.11a)

Fi =mgcos(180 —a )= —mgcos(al) 90° <ay <180°  (2.SL.11b)
2 .

= I = sinay) (2.8L11c)

m g cos(oy) + FL  cos(oy) — cos(ay)

Here, m is the body mass and g is the gravitational acceleration.

Figure 2.S1.3 Function principle of the rota-

tion table experiment. A frog is placed on a

platform that rotates (around a horizontal axis)

into an overhanging position and the angles of

initial slipping (A, o) and falling (B, 1) of

the animal are recorded. Based on vector de-
composition and measurement of body mass, B
the maximum adhesion (F'1) and friction (F))

as well as the coefficient of static friction ()

are computed.

2.51.3.2  Capillary adhesion of deformable objects

Butt et al. (2010) extended Equation 2.1 to model the capillary adhesion between a
deformable, smooth sphere with radius R and a plate with contact angles ¢, (sphere-
liquid) and ¢o (plate-liquid; Fig. 2.S1.4), which they proposed to represent the ca-
pillary adhesion of a soft, curved toe pad more closely than a plate-plate contact
(Fig. 2.3A). A deformable sphere experiences stronger adhesion than a rigid one of
the same dimensions, because of the larger contact area of the former. Assuming
R > R, > Rper, a large indentation depth compared to Ry, very hydrophilic ma-
terials (¢1 = ¢2 = 0), an effective elastic modulus of the system (i.e. pad-substrate)
E* = E\"+E5", and an effective radius of the system Ry = Ry Ry/(R1+Rz), capillary
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adhesion can be calculated as (Butt et al., 2010):

T >3 2 R,

FL =47yR,
+ Trry ) Jr <2Rmer 3ES*2

(2.SL.12)

In the deduction of this model, indentation depths being much larger than the me-
niscus height are assumed, which may lead to unrealistic results in the case of tree
frog attachment: the expected meniscus height (see main text and Fig. 2.9) is in the
order of indentation depths reported for real animals (e.g. Barnes et al., 2011) and
the meniscus shape might be affected by the indentation.

Figure 2.SI1.4 Model of capillary adhesion bet-
ween a sphere and a deformable flat plate (R2 =
00). dg gap width, F'| .., capillary adhesion,
R = Rj radius of sphere, Rmer, Razi meridional
and azimuthal radius of meniscus curvature, ~y
mucus surface tension, ¢1, ¢2 sphere-liquid and
substrate-liquid contact angle.

2.51.3.3 Capillary friction

Next to adhesion, capillary effects can also generate friction. Assuming a shear load
acting on a pad with width b, the substrate-liquid contact angle shifts asymmetrically
at leading (¢1) and trailing edge (¢;). The resulting capillary friction F cap, is (Federle
et al., 2006):

Fy=2bv (cos¢y —cos¢y) < 4bry (2.51.13)

Equation 2.SI.13 predicts a maximum shear stress of around 0.14 mN mm~2, which is
below the stresses measured for toe pads (Federle et al., 2006). Also, capillary friction
does not explain the scaling of friction with sliding speed and normal load. If present
at all, capillary friction only plays a minor role in tree frog attachment.

2.51.3.4 Suction

Suction has been suggested early to explain tree frog attachment (Mohnike, 1879). In
particular, the volume enclosed between the dimples found on the apical nanopillar
surface (Barnes et al., 2013; Ernst, 1973a; Federle et al., 2006; Scholz et al., 2009) and
the substrate might give rise to suction (Barnes et al., 2013; Fig. 2.51.5). Importantly,
the dimensions of the dimples could be distorted because of deeper AFM indentations
in the centre than at the edges of the nanopillars due to a spatial variation in stiffness.
In TEM measurements, shrinkage could distort the dimple shape.
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Figure 2.S1.5 Schematic representation of the
suction between ventral toe pad epidermis
(green) and substrate (grey). Suction forces
F'| «uc might arise at a normal load F'| 1, from a
difference between environmental pressure Peny
and the pressure Pi, in the volumes enclosed
between the ‘dimples’ on the apical surfaces of
the nanopillars and the substrate (inset; red).

By enlarging the enclosed volume, the pressure P, in the enclosed region decreases
relative to the environmental pressure P.,,. A pressure difference AP acting across
the dimple surface A results in adhesion (Fig. 2.SL.5, inset; Ditsche & Summers, 2014;
Emerson & Diehl, 1980; Gorb, 2008):

Fi = (Pay—Pn) A=AP A (2.81.14)

Typically, biological suckers are flexible, have a concave shape and a smooth rim
for more effective sealing (e.g. by vdW interactions), and rely on muscles to change
the size of the enclosed volume (Gorb, 2008). In tree frogs, the secreted mucus
might improve the sealing of the enclosed volume (Leydig, 1868) and the maximally
achievable pressure difference of 1 bar (= 100 mN mm~?) would be sufficient to explain
the measured adhesion of these animals. However, Emerson & Dichl (1980) found that
the attachment of Smilisca phaeota to a vertical glass plate is not affected by a change
of the environmental pressure Puy, of ca. 30 mN mm~2 (i.e. 0.32 bar). Schuberg (1891)
also described that Hyla arborea is able to climb in a partial vacuum. Further studies
with experimental control of the environmental pressure are required to conclude
on the role of suction in tree frogs. Because of the surface-normal orientation of
suction forces, we do not expect a direct contribution of suction to the friction of the
pads.

2.51.3.5 Kendall peeling model

At the onset of peeling of a thin, linearly elastic film (width b, thickness h, elastic
modulus E, fracture energy per unit area Av) at a load Fy, under an angle 6y, to the
substrate over a distance Ac (Fig. 2.S1.6), elastic energy (i.e. stretching of the film),
potential energy (i.e. pulling of the film), and fracture energy (i.e. energy required to
fracture a unit interfacial area) are in balance. The balance of fracture, potential and
elastic energy yields (Kendall, 1975):

2
fLac (2.81.15)

—AybAc+ F, (1 — cosfy) Ac+ SEhE
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Rewriting Equation 2.SI.15, one can compute the normal (adhesive) peeling force
component:

A
Fr, | =sinfbtE <cos 6—1+ \/1 —2 cosf + cos? 0 + 2 t—;) (2.51.16)

The frictional component is calculated analogously by replacing sin 6 with cos 6.

The fracture energy A~y depends on peeling speed (Kendall, 1975) as well as ad-
hesion (Pesika et al., 2006). Measurement of F, at 6 = 90° allows an ap-
proximation of A~y with Equation 2.SI.16 for an inextensible film, because then
A~ = F| /b. Based on data by Barnes et al. (2008), we obtain Ay = [0.65 mN mm~?2
7 (1.5 mm)?]/[m (1.5mm)?]7%5 = 1.74Nm~! for an assumed pad diameter d;, = 3mm

[average pad width b~ (7 dp2)70'5].

| Substrate 4cy |

' Figure 2.S1.6 Kendall peeling of a thin film
(Kendall, 1975). E elastic modulus, h film
thickness, F, Load, Ac peeling distance,
01, peeling angle.

Further, we estimate Ay by fitting Equation 2.S1.16 (E = 15kPa, h = 0.5mm)
to peel off forces measured by Barnes et al. (2008) and Endlein et al. (2012;
Fig. 2.51.7). The fitted curve represents measured data well (SE = 0.01 mN) and
results in Ay = 1.24Nm~"'. The peel forces for an inextensible and an elastic film
deviate from each other by more than 5% at 01, < 16°, as to be expected (Kendall,
1975). The finite peel off force components predicted by elastic theory at load angles
approaching zero are more realistic than the continuously increasing forces in inexten-
sible peeling (Endlein et al., 2012). At 0, < 40°, no force data with controlled peeling
angle are available as reference. The complex material properties (e.g. anisotropic or
viscoelastic stiffness) of toe pads might prohibit the application of Kendall peeling
theory at such low angles.

2.51.3.6 Johnson-Kendall-Roberts model

Johnson, Kendall & Roberts (1971) extended the Hertz model (Kendall, 2004) and
implemented the effect of adhesion on the contact between two spherical objects. In
the JKR-model, the work of adhesion W , a system-specific quantity describing the
energy per unit area required to irreversibly separate two objects (Johnson et al.,
1971), of a sphere with radius R relates to the maximal adhesion F'| (i.e. pull off
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Figure 2.SI.7 Peeling force components of sin-
gle toe pads of Litoria caerulea [E = 15kPa,
dp = 3mm, h = 0.5mm, A, = w(dp/2)?,
b= A;0‘5; crosses: redrawn from Fig. 1B by
Barnes et al. (2008); circles: recomputed from
Fig. 6 by Endlein et al. (2012)] for uncontrolled
peeling angles. Non-linear total least squares
regression of the surface-normal (dashed) pee-
ling force component of an elastic film (dark)
to the data by Barnes et al. (2008) gives Ay =
1.24+0.003Nm~! (95% CI, SE = 0.01 Nm~1).
Parallel peeling forces (dashed-dotted) and the
peel off force of a stiff film (light) are shown for
comparison. Adhesion deducted from rotation
table measurements (dotted) serves as reference
(Fig. 2.81.3).

force) as:

W, =

Using this model, Barnes et al. (2011) measured W, ~ 0.02-0.11Nm~!.

Peeling force F ; or Fj ;, [mN]

w| o
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— 2.51.17
. (25117)
Further,

they reported a positive scaling of W with indentation depth and a negative scaling

with pad size.

However, the JKR model is only valid for elastic objects and for small indentations
compared to the sphere size (Popov, 2010). In contrast, tree frogs’ toe pads are
potentially viscoelastic and presumably experience large deformations during contact.
Further work is required to examine to what extent the JKR-model captures the

contact mechanics of tree frogs’ toe pads accurately.
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CHAPTER 3

Force-transmitting structures in the digital
pads of the tree frog Hyla cinerea:
a functional interpretation

Abstract

The morphology of the digital pads of tree frogs is adapted towards attachment, al-
lowing these animals to attach to various substrates and to explore their arboreal
habitat. Previous descriptions and functional interpretations of the pad morphology
mostly focussed on the surface of the ventral epidermis and little is known about the
internal pad morphology and its functional relevance in attachment. In this study, we
combine histology and synchrotron micro-computer-tomography to obtain a compre-
hensive 3-D morphological characterisation of the digital pads—in particular of the
internal structures involved in the transmission of attachment forces from the ven-
tral pad surface towards the phalanges—of the tree frog Hyla cinerea. A collagenous
septum runs from the distal tip of the distal phalanx to the ventral cutis and compart-
mentalises the subcutaneous pad volume into a distal lymph space and a proximal
space, which contains mucus glands opening via long ducts to the ventral pad surface.
A collagen layer connects the ventral basement membrane via interphalangeal liga-
ments with the middle phalanx. The collagen fibres forming this layer curve around
the transverse pad axis and form laterally separated ridges below the gland space.
The topological optimisation of a shear-loaded pad model using finite element analy-
sis (FEA) shows that the curved collagen fibres are oriented along the trajectories of

This chapter has been published as: LaANcowskl, J.K.A., ScHIPPER, H., BL1J, A., VAN DEN BERG,
F.T., GUSSEKLOO, S.W.S. & VAN LEEUWEN, J.L. (2018b). Force-transmitting structures in the digital
pads of the tree frog Hyla cinerea: a functional interpretation. Journal of Anatomy 233, 478-495.
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the maximum principal stresses and the optimisation also results in ridge-formation,
suggesting that the collagen layer is adapted towards a high stiffness during shear
loading. We also show that the collagen layer is strong, with an estimated tensile
strength of 2.0-6.5N. Together with longitudinally skewed tonofibrils in the super-
ficial epidermis, these features support our hypothesis that the digital pads of tree
frogs are primarily adapted towards the generation and transmission of friction rather
than adhesion forces. Moreover, we generate—based on a simplified FEA model and
predictions from analytical models—the hypothesis that dorsodistal pulling on the
collagen septum facilitates proximal peeling of the pad and that the septum is an
adaptation towards detachment rather than attachment. Lastly, by using immuno-
histochemistry, we (re-)discovered bundles of smooth muscle fibres in the digital pads
of tree frogs. We hypothesise that these fibres allow the control of (i) contact stresses
at the pad-substrate interface and peeling, (ii) mucus secretion, (ii) shock-absorbing
properties of the pad, and (iv) the macroscopic contact geometry of the ventral pad
surface. Further work is needed to conclude on the role of the muscular structures in
tree frog attachment. Overall, our study contributes to the functional understanding
of tree frog attachment, hence offering novel perspectives on the ecology, phylogeny,
and evolution of anurans, as well as the design of tree-frog-inspired adhesives for
technological applications.

Keywords: Attachment organ; Bioadhesion; Collagen; Connective tissue; Fibre-
matrix-composite; Material stiffness; Shear load; Smooth muscle.

3.1 Introduction

Tree frogs possess adhesive digital pads that enable these animals to climb vertical
substrates, hence allowing the exploration of arboreal habitats, the evasion of ground-
borne predators, and the disclosure of otherwise unreachable food sources. Studying
the morphology and functioning of these organs helps to unravel the ecology (Emerson,
1991; Green & Simon, 1986), evolution (Moen et al., 2013; Sustaita et al., 2013), and
phylogeny (Green, 1979, 1980; Hertwig & Sinsch, 1995; McAllister & Channing, 1983)
of tree frogs, as well as to design bioinspired adhesives (Drotlef et al., 2013; Tturri et al.,
2015; Murarash et al., 2011; Tsipenyuk & Varenberg, 2014; Xue et al., 2017; Zhang
et al., 2016).

The digital pads are macroscopically smooth, soft (Scholz et al., 2009), and proposedly
adhere by wet adhesion (Emerson & Diehl, 1980; Hanna & Barnes, 1991; Nachtigall,
1974; Schuberg, 1891; Siedlecki, 1909; v. Wittich, 1854): tree frogs secrete a watery
mucus into the gap between pad and substrate (Blackwall, 1845; Federle et al., 2006),
which may cause surface-tension-dependent capillary forces and viscosity-dependent
hydrodynamic forces (Barnes, 2012; Endlein & Barnes, 2015). The surface of the
adhesive epidermis on the ventral (throughout this paper, we use ‘ventral’ to describe
the palmar/plantar side of the digits; Fig. 3.1) side of the distal digital segment (for
the digital segments and the phalanges, we use ‘distal’ and ‘middle’ to describe the
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ultimate/terminal and penultimate/subterminal ones, respectively; Fig. 3.1A) con-
sists of prismatic cells separated by channels and covered with nanoscopic cellular
protrusions, so called ‘nanopillars’ (Scholz et al., 2009), forming a hierarchical micro-
to nanoscopic surface pattern (Ernst, 1973a). This epidermal morphology presumably
evolved convergently in multiple tree frog clades (Barnes et al., 2013; Green, 1979;
Lee et al., 2001; McAllister & Channing, 1983) and could facilitate—in addition to
wet adhesion—attachment mechanisms such as mechanical interlocking (Emerson &
Diehl, 1980), suction (Mohnike, 1879), and van der Waals (vdW) interactions (Emer-
son & Diehl, 1980; Federle et al., 2006).

Previously, the discussion on the generation of adhesion and friction (i.e. the atta-
chment force normal and parallel to the substrate surface, respectively) in tree frogs
strongly focused on the superficial epidermis (Ernst, 1973a; Hanna & Barnes, 1991).
The morphology and attachment-related functions of dermal and subcutaneous struc-
tures of the digital tip, such as the transmission of adhesion and friction forces from
the epidermis to the skeleton and hence to the rest of the body, remained largely
unstudied. Here, we define the digital tip as the distal phalanx and all subdermal,
dermal, and epidermal tissues (Ernst, 1973a,b; Hertwig & Sinsch, 1995) surrounding
it. Dermal and subdermal structures include connective—mainly collagenous—tissue,
muscle fibres, blood vessels, a lymph space, and mucus glands (Fig. 3.1A; Ernst, 1973a;
Nakano & Saino, 2016; Siedlecki, 1910). To our knowledge, the adhesive epidermis
is mechanically linked to the distal phalanx and the rest of the body by connective
tissue only. Various authors described different collagenous structures such as loose
connective tissue forming the basement membrane and the dermal stratum spongio-
sum (Leydig, 1868; Nakano & Saino, 2016; Noble & Jaeckle, 1928; Schuberg, 1891;
Siedlecki, 1910), collagen fibres traversing the distal lymph space (Dewitz, 1883; Ley-
dig, 1868; v. Wittich, 1854), and laterally separated bundles of collagenous fibres
running along the ventral pad surface (Noble & Jaeckle, 1928). However, others
termed the fibres in the lymph space (Schuberg, 1891) and the ventral bundles (Sied-
lecki, 1910) muscular instead of collagenous structures, whereas more recently the
presence of muscular structures was negated completely (except for smooth muscle
cells surrounding the mucus glands; Ernst, 1973b; Mizuhira, 2004). Furthermore, the
3-D arrangement of connective (and muscular) tissues, lymph space, and skeleton
(and accordingly the potential of these structures for force transmission) is largely
unknown.

In the light of a recent report of a load of up to 14.4 times the body weight with-
stood by a single digital pad during landing in Trachycephalus resinifictriz (Bijma
et al., 2016), we address in this paper the morphology and function, in particular in
the transmission of attachment forces, of dermal and subcutaneous structures in the
digital pads of the tree frog Hyla cinerea. As tree frogs arguably encounter mostly
vertical substrates while climbing up and down in their arboreal habitat, we expect
that the pads are primarily adapted towards the transmission of friction forces (i.e.
shear loads). We employ a combination of histology, immunohistochemistry, and syn-
chrotron micro-computer-tomography (p-CT) to obtain a 3-D characterisation of the
pad morphology. Furthermore, we numerically predict the stiffness-optimised topo-
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logy of the collagenous tissue in the ventral pad region during shear loading, and we
estimate, by measuring cross-sectional areas, the tensile strength of the structures
involved in force transmission. In combination, these approaches enable us to address
the following questions:

e How are force-transmitting structures such as connective tissue, lymph space,
and skeletal elements distributed within the digital tip (and relative to each
other)? Which pathways of transmission of adhesive and frictional forces do
these structures accommodate?

e How do the pad and adjacent structures transmit shear loads equivalent to
several times the body weight?

e Are there muscular structures involved in force transmission? If so, what
function(s) could these structures fulfil?

3.2 Materials and methods

3.2.1 Experimental animals

For morphological analyses, we used three adult Hyla cinerea, that died of unknown
causes (post mortem snout-vent-length 40-46 mm, body mass 6.2-8.2 g, age < 1 year).
We collected the distal limbs at most 5:30 h after death by disarticulation of the elbow
and knee joints. Until further use, the right forelimb (F) and the left hindlimb (H;
Fig. 3.1B) of each individual were fixed and decalcified for 2-12 weeks in Bouin’s
liquid [37% formaldehyde, saturated picric acid and acetic acid (Merck, USA) with a
ratio of 5:15:1] and subsequently stored in 70% ethanol, which was renewed multiple
times. All following steps were executed at room temperature, unless mentioned
otherwise.

3.2.2 Histology

Before histological staining, the two most distal segments of digits Fy, Fiy, and Fryp of
the forelimb and of digits Hy and Hyy of the hindlimb (Fig. 3.1B) were cut through the
central part of the middle phalanx. For easy handling and correct alignment of the
samples with respect to the desired cutting planes, they were preembedded in small
blocks of agarose gel [1% low-melting agarose (Sigma-Aldrich, USA) in demineralised
water| before dehydrating and embedding the agarose blocks in paraffin (KP Paraclean
I, VWR International B.V., The Netherlands; see Section 3.S1.4). The embedded
samples were cut into 5 pum thick sections using a microtome (Microm 305S, Microm
GmbH, Germany) and placed on egg-glycerin coated object slides (Menzel, Germany).
Digit F; was cut parallel to the ventral pad surface (i.e. horizontal sections), Fy
parallel to the median digital plane (i.e. sagittal sections), and Fiyp perpendicularly
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Figure 3.1 (A) Basic morphological terminology of the digital tip and the distal interphalangeal
joint of the tree frog Hyla cinerea. The blue region depicts the largely uncharacterised dermal and
subdermal space including connective, muscular, vascular and other tissues. (B) Nomenclature
and usage of the digits I-IV in the right forelimb (F) and I-V in the left hindlimb (H) [light blue
arcs (Frpr, Hirp): histology/immunohistochemistry, dark blue arc (Hy ): p-CT]. (C) Definition
terms of anatomical location and of of the cutting and viewing planes. DE dermis, DP distal
phalanx, ED epidermis, IE intercalary element, MG mucus gland, MP middle phalanx.

to the longitudinal digital axis (i.e. transverse sections; Fig. 3.1C). Digits Hy and Hyy
were cut sagitally and transversally, respectively.

The samples on every 2"¢ object slide in sequence (transverse and horizontal sections)
and on the slides holding the left half of the digits (sagittal sections), respectively,
were stained using Crossmon’s light green trichrome including Mayer’s haematoxylin
and Alcian blue (see Section 3.SI.4). Images of the stained sections were obtained
using a digital microscope camera (DFC450c, Leica, Germany) mounted on an upright
microscope (DM6b, Leica) with a HC PL APO 40x /0.85 objective controlled with the
Leica Application Suite X (Version 2.0). High-resolution images of the whole sections
were obtained by merging tile-scanned images. Post-processing (cropping, rotating,
scaling, white balancing, and arranging) of the images was done in Photoshop CC
(Version 2017.1.1, Adobe Systems Incorporated, USA) and in Hlustrator CS6 (Ver-
sion 16.0.3, Adobe). Geometrical parameters of interest were measured with ImagelJ
(Version 1.51f, National Institutes of Health, USA).

3.2.3 Immunohistochemistry

To revise the presence of muscular tissues within the digital tip, we stained the re-
maining slides of frogs 1 and 2 using an actin-antibody (A5228, Merck), which is
specific for smooth-muscle-a-actin (Skalli et al., 1986). Before immunohistochem-
ical staining (see Section 3.S1.5), the sections were deparaffinised towards demine-
ralised water, endogenous peroxidase was removed with a solution of 0.3% H5O-
(Merck) in buffer, and aspecific antibody-binding was blocked by the application
of 10% goat serum (Vector Laboratories, USA) in combination with 1% acetylated
bovine serum albumin (BSA-c, Aurion, The Netherlands). The primary a-actin-
antibody was applied over night at 4°C (dilution 1:400), followed by a secondary
goat-anti-mouse/horseradish-peroxidase-antibody (Agilent, Canada) for 45 min (dilu-
tion 1:100). Structures containing smooth-muscle-a-actin were stained brown using
3,3’-diaminobenzidine (7-10min; Sigma) as substrate. Finally, we applied Mayer’s
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haematoxylin as described above as counterstain, and dehydrated and sealed the
sections with DPX mounting medium (VWR, USA). Imaging and post-processing of
the images were done as described above.

3.2.4  Synchrotron micro-computer-tomography

The digit used for p-CT (Frog 3, Hy; Fig. 3.1B) was dissected, fixed, and stored as
described for histology. The digit was transferred into phosphotungstic acid (PTA;
0.3% PTA in 70% ethanol; according to Metscher, 2009) contrast stain to enhance
the contrast of the soft tissues of interest. The PTA-stain was refreshed several times
over the course of 9 days to ensure penetration of the whole sample. Before scanning,
the sample was washed in 70% ethanol and dehydrated stepwise (45 min 80% ethanol,
30 min 90% ethanol, 20 min 96% ethanol, 2- 15min 100% ethanol). 100% ethanol was

used as scanning medium.

The p-CT-scan of the digit was acquired at the Tomographic Microscopy and Cohe-
rent Radiology beamline (TOMCAT, X02DA) of the Swiss Light Source facility at the
Paul Scherrer Institute, Switzerland, using a monochromatic 14-keV-beam with al-
most parallel geometry and a LuAG:Ce-scintillator. A high-quality optical microscope
(Optique Peter, France) with an UPLAPO10x-objective (Olympus, Japan; numeri-
cal aperture 0.4) was used in combination with a pco.edge 5.5 camera (PCO AG,
Germany; exposure time 100 ms, 2560 - 2160 pixels, pixel size 6.5 - 6.5 nm?), resulting
in an effective pixel size of 0.65 - 0.65 ym? and a field of view of 1.7 - 1.4 mm?. We
mounted a pipette tip containing the sample within the scanning liquid on a rotation
platform (ABRT150, Aerotech Inc., USA) and rotated the sample around its approx-
imate longitudinal axis, which was aligned perpendicularly to the beam. The scan
angle was varied from 0° to 180° in 0.1° steps. The scans were reconstructed using
propagation-based phase contrast imaging as described by Paganin et al. (2002). Be-
cause the sample was larger than the field of view, it was scanned in two batches along
the proximal-distal digit-axis (2160 images per batch) with an overlap of 262 images
(i.e. 170 pm). The batches were merged and overlapping images were removed.

Filtering of the reconstructed transverse sections and segmentation of the structu-
res of interest were done in Seg3D (Version 2.4.0, NIH, USA). To reduce the efforts
of computation and manual segmentation, every 8th transverse section was impor-
ted and the scanned volume was cropped closely around the sample; this resulted in
1759 - 1754 - 410 voxels—each with a size of 0.65-0.65-5.2 pm®—in transversal, dorso-
ventral and proximal-distal direction, respectively. We used grey-value thresholding
on median filtered sections to mask most of the background voxels, which were then
removed from the original sections, and automatic histogram equalisation to enhance
the contrast of the internal digital structures (see Section 3.S1.3). The phalanges,
intercalary element, tendons, ligaments, ventral collagen, smooth muscle fibres, and
mucus glands were segmented section-wise by masking the according structures ma-
nually using the ‘polyline’ and ‘paintbrush’ tools. To distinguish the different tissues,
we considered density differences (e.g. muscle fibres appeared brighter than collage-
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nous fibres), differences in fibre orientation (to distinguish individual collagen bands),
and knowledge on the digital morphology from the histological sections and from li-
terature. The outlines of most structures were clearly distinguishable. However, the
segmentation of fine structures (e.g. the side arms of the ligaments, the ventral col-
lagen ridges, and the mucus ducts within the ventral epidermis) and of connections
between collagenous and other tissues (i.e. entheses and apophyses) was less accurate
due to the absence of distinct visual features.

3.2.5 Topological optimisation of a shear-loaded pad model

To provide a functional explanation for the distribution of collagenous tissue found in
the digital pad, we performed a topological optimisation of a shear-loaded pad model
via finite element analysis (FEA). This is the optimisation of the distribution of ma-
terial within a design space for a set of boundary conditions and optimisation goals
(Suresh, 2013). We created a simplified, non-optimised geometrical model of the ven-
tral cutis with the approximate dimensions of a real pad (0.45mm high, 1 mm wide,
1.5 mm long, Fig. 3.10A) in Solidworks (Version 2015 SP5.0 Education Edition, Das-
sault Systémes, USA). Proximally, material was recessed to model the neighbouring
proximal epiphysis of the distal phalanx. We implemented three longitudinal rows of
each 5 vertical holes (¢ = 0.1 mm, hole spacing = 0.14 mm, row spacing = 0.25 mm)
to represent mucus ducts piercing the connective tissue. In contrast to the effective
elastic modulus of the pad epidermis (Barnes et al., 2013, 2011; Kappl et al., 2016;
Scholz et al., 2009), the elastic modulus E, yield strength o, and Poisson’s ratio v of
deeper lying structures to our knowledge are unknown. We verified the independency
of the qualitative optimisation results from variations in elastic modulus, and applied
E = 0 = 20MPa and v = 0.33, which is within the range of values reported for
collagenous tissues (Biewener, 2008).

Using Paretoworks (Version 2017.04, SciArt, USA), we created a mesh of ca. 250000
elements (edge length ~ 131um). Displacement and removal of the ventral model sur-
face were prohibited and a normal tensile load of 3.815mN (=7g-9.81 ms~2/18, equi-
valent to an uniform distribution of the approximate body weight over all 18 digits)
was applied on the most proximal model surface (red area in Fig. 3.10A1) to simulate
a shear load as experienced by an animal attaching to a vertical surface with its head
facing upwards. Using the geometrical lateral symmetry to reduce computational ef-
forts, the initial model volume was reduced by 60% in 2.5%-steps (see Section 3.S1.7)
while maintaining maximum stiffness. We exported the optimised geometry as .stl-
file (‘very fine’ resolution) and reimported it using Power Surfacing (Version 4.1.0008,
IntegrityWare, USA) into Solidworks for postprocessing. The surface of the optimised
geometry was remeshed with the ‘quad wrap’ function (polygon size = 2.2% of the
length of the whole geometry); small mesh inaccuracies were corrected manually. The
resulting surface mesh was transformed into a ‘medium’-quality volume mesh. Using
the in-house FEA-solver of Solidworks, we remeshed the non-optimised and optimi-
sed model (with 365000 and 187000 elements, respectively; edge length ~ 20 pm) and
computed von Mises stresses to identify regions of low mechanical loading, as well as
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maximum principal stresses to visualise the trajectories of force transmission through
the pad model. The same material properties and loading were used as described
above.

3.3 Results

The general bauplan of the digital tip of Hyla cinerea does not vary in between digits,
limbs, and individuals (see Section 3.S1.6) and is described below. Epidermal tissue
encloses the digital tip (Figs. 3.2-3.4,3.5A). Collagenous tissue and blood vessels form
the dermis. The dorsal dermis contains numerous mucus glands, which are not found
in the ventral dermis. The nearly hemispherical proximal epiphysis of the distal
phalanx (referred to as the base of the distal phalanx) fills the ventroproximal part of
the subdermal pad space. Distally, the distal phalanx tapers into a curved diaphysis
protruding approximately halfway into the digital tip, with an upward pointing angle
of ca. 30—40°. A collagenous septum runs from the distal tip of the distal phalanx
towards the ventral cutis and compartmentalises the subdermal space: lymph fills
a substantial portion the space distal to the septum (referred to as lymph space;
Nakano & Saino, 2016; Noble & Jaeckle, 1928) and a dense cluster of glands occupies
the space proximal to the septum (referred to as gland space). Mucus ducts connecting
the glands to the ventral pad surface and numerous bundles of smooth muscle fibres
traverse the lymph space. Ventrally, a layer of collagen fibres runs longitudinally
through the digital pad (referred to as ventral collagen layer). As mentioned before,
we will focus on the structures relevant to force transmission, both within the distal
interphalangeal joint region and in the digital tip.

3.3.1 Phalanges and the distal interphalangeal joint

A biconcave intercalary element, which is wider than thick, is found between the distal
and middle phalanx (Fig. 3.3D). The articulating surface of the intercalary element
with the distal phalanx is concave and counterfits the base of the distal phalanx,
whereas the articulating surface with the middle phalanx is almost horizontal and
flat.

The distal interphalangeal joint is bridged by a dorsal tendon attached to the Mm.
Extensores breves (Burton, 1998), and by the ventral Tendo Superficialis attached
to the flexor muscles (Manzano et al., 2007; Fig. 3.5Bi111). The extensor tendon
consists of two strands connected via a thin collagenous sheath, which together span
the distal epiphysis of the middle phalanx (referred to as the head of the middle
phalanx), and connect dorsally to the distal phalanx, just distally of the base of the
distal phalanx. The Tendo Superficialis runs ventral of the middle phalanx and splits
below the intercalary element into two strands. These strands flatten out below the
base of the distal phalanx, follow its curved ventral surface, and connect distoventrally
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Figure 3.2 Series of transverse sections of a digital pad of Hyla cinerea (Frog 3, digit Firy) from
distal to proximal stained with Crossmon’s light green trichrome including Mayer’s haematoxylin
and Alcian blue [see inset for the approximate locations and the extent of the adhesive ventral
epidermis (curved solid line)] through (A) the lymph space, (B) the approximate septum plane,
(C) the gland space, and (D) the distal end of the base of the distal phalanx. BV blood vessel,
CH chromatophore, CO collagen tissue, DE dermis, DP distal phalanx, DU mucus duct, ED

epidermis, LY lymph space, MG mucus gland, PB base of the distal phalanx, SE septum, SM
smooth muscle.
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Figure 3.3 Series of sagittal sections of a digital pad of Hyla cinerea (Frog 3, digit Hy) from lateral
to mid-sagittal stained as in Fig. 3.2 [see inset for the approximate locations and the extent of
the adhesive ventral epidermis (solid line)] (A) close to the lateral epidermis, (B) through the
lateral part of the base of the distal phalanx, (C) through the lateral part of the diaphysis of the
distal phalanx, and (D) in an approximately mid-sagittal plane. Abbreviations as in Fig. 3.2 with
the following additions: ET tendon of the extensor muscle, FT tendon of the flexor muscle, IE
intercalary element, LI ligament, MP middle phalanx, PH head of the middle phalanx.

Figure 3.4 Series of horizontal sections of a digital pad of Hyla cinerea (Frog 3, digit F) from
ventral to dorsal stained as in Fig. 3.2 [see inset for the approximate locations and extent of the
adhesive ventral epidermis (curved solid line)| through (A) the apical dermis (stratum spongio-
sum), (B) the ventral part of the ventral collagen layer, and (C) the dorsal part of the ventral
collagen layer. Abbreviations as in Figs. 3.2-3.3.
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Figure 3.5 3-D visualisation of the structures of force transmission in a digital pad of Hyla cinerea
(Frog 3, digit Hy/). (A) 3-D view of the whole digital tip and internal structures. Only half of
the approximately bi-laterally symmetric smooth muscle fibres (black arrowhead: thin muscle
fibre bundle, grey arrow-head: thick muscle fibre bundle, white arrowhead: distal-cross-lateral
muscle fibre) are shown. (Bp) Frontal, (Byy) lateral, and (Byry) ventral view of the joint region:
The collateral ligaments (yellow dashed line) give rise to several side arms, which connect to the
ventral cutis in the middle digital segment (white arrowheads) and the ventral collagen layer (black
arrowheads). The two collateral ligaments are connected via a medial strand that also connects
to the intercalary element (grey arrowhead). Abbreviations as in Figs. 3.2-3.4. z longitudinal
spatial coordinate, y lateral spatial coordinate, z vertical spatial coordinate.
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to its base. Whereas the Tendo Superficialis inserts nearly parallel to the surface of the
base of the distal phalanx, the extensor tendon attaches at an angle of ca. 45°.

Two collagenous ligaments (referred to as collateral ligaments) strengthen the distal
interphalangeal joint ventrolaterally (Fig. 3.5Bir ). Each collateral ligament atta-
ches laterally to the head of the middle phalanx, traverses past the intercalary element
towards the ventrolateral side of the base of the distal phalanx, and from there to-
wards the dorsolateral side of the base of the distal phalanx. From proximal to distal,
various side arms branch off from the collateral ligaments (Fig. 3.5By1): (i) several
side arms run towards the ventral cutis of the middle digital segment, (ii) below the
intercalary element, the two main arms connect dorsally of the flexor tendon with each
other via a medial running side arm, which also connects to the intercalary element,
and (iii) below the base of the distal phalanx some branches run towards the ventral
collagen layer. Low contrasts between neighbouring collagen strands impede the ex-
act identification of the trajectories and attachment points of the collateral ligaments
and the ventral collagen layer.

3.3.2 Internal structures of the digital tip

3.3.2.1 Ventral epidermis

The ventral epidermis is thicker than the dorsal one (Fig. 3.6A), stratified, and consists
of up to 6 cell layers (Fig. 3.6B), numbered I to VI from basal to apical (Ernst, 1973a).
Whereas the cells in layers I (i.e. the germinal layer) and IT are shaped and arranged
irregularly, the cells in layers III to VI are columnar. The cells of layers V and VI
(i.e. the superficial layer) differ morphologically and arguably also functionally from
the deeper cell layers: The cell bodies are skewed such that the apical cell surface is
positioned distally to the basal one. Reddish staining indicates the presence of fibrous
structures that connect broadly to the apical cell surface and merge into a thin bundle
running towards the proximal-basal cell surface. These structures are known to be
tonofibrils (Ernst, 1973a; Nakano & Saino, 2016). The basal part of layer VI contains
less tonofibrils than in layer V, presumably due to physiological changes impending
ecdysis (Ernst, 1973a).

3.3.2.2 Collagenous structures

The digital tip of H. cinerea includes several networks of collagen fibres with approxi-
mately isotropic fibre arrangements. The reticular collagen of the basement membrane
(Fig. 3.6B) connects to the dermal stratum spongiosum (Fig. 3.3). Fine collagen fibres
without a clear preferential orientation traverse the interglandular space. At the bor-
ders of the gland space, these fibres connect with the surrounding dermal connective
tissue (Fig. 3.7B).

The pad also contains collagenous structures with distinctly anisotropic fibre arran-
gements. The thin septum, which compartmentalises the subdermal volume into the
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Figure 3.6 Approximately ~ mid-sagittal
section through a digital pad of Hyla cinerea
(Frog 2, digit Hj) stained with Crossmon’s
light green trichrome including Mayer’s hae-
matoxylin and Alcian blue. (B) Magnified
view of the ventral epidermis (see box in A)
containing tonofibrils (reddish; black arrow-
heads), reticular cells (white arrowhead), and
reticular connective tissue (grey arrowhead).
Layer numbering after Ernst (1973a).

gland and lymph space (Fig. 3.7C), is fan-shaped and consists of collagen fibres ex-
tending radially from the distal tip of the distal phalanx towards the ventral cutis.
Collagen fibres connecting the dorsal and ventral cutis form the lateral fractions of
the septum. The plane, in which the septum fibres run, is rotated by ca. 15-25° about
the transverse pad-axis, such that the dorsal tip of the septum is located distally from
its ventral attachment.

The ventral collagen layer is the most prominent collagenous structure in the digital
pads of H. cinerea (Fig. 3.8). This layer fills the space between ventral epidermis,
gland space, and ventral surface of the base of the distal phalanx, converges below
this base, and connects to the side arms of the collateral ligaments, as described
above. Whereas the collagen layer is only ca. 10-20 pm thick below the base of the
distal phalanx, it reaches a thickness of up to 290 pm below the gland space. Distally
of the septum, the layer thickness decreases towards the distal pad end (down to
ca. 60-120um). At the location of minimum thickness below the base of the distal
phalanx, the ventral collagen layer has a transversal cross-sectional area in the order
of 20000-65 000 jim? (measured for digits Fiy1, Hyr, and Hy of Frog 3).

The ventral collagen layer consists of regular collagen fibres oriented along the distal-
proximal digit-axis. As seen in sagittal sections (Fig. 3.8C), the fibre trajectories are
curved around the transverse pad-axis. The fibres are arranged in vertically separated
bundles (Figs. 3.2D,3.8A) and connect approximately perpendicular with the ventral
basement membrane. The distal extension of the collagen fibres increases from ventral
to dorsal.

Below the gland space, the ventral collagen layer is laterally separated into around
15-20 longitudinal ridges divided by troughs (Figs. 3.2B,C,3.8A,B). These ridges are
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Figure 3.7 Collagen networks in a digital pad of Hyla cinerea. (A) Loose network of collagen fibres
(light turquoise; grey arrowheads) in the ventral stratum spongiosum; horizontal section (Frog 3,
digit Fr). (B) Loose collagen network in the gland space (white arrowheads) and collagenous
septum (black arrowheads); sagittal section (Frog 3, digit Fi). (C) Septum (black arrowheads)
separating the gland and lymph space; transverse section (Frog 3, digit Frir). Transverse and
sagittal sections are oriented upright; in sagittal and horizontal sections, the distal digit side is on
the left and at the top, respectively.

Figure 3.8 Ventral collagen layer and ridges (light turquoise; black arrowheads) in a digital pad
of Hyla cinerea in (A) transverse (Frog 3, digit Fyiy), (B) horizontal (Frog 3, digit Fy), and (C)
sagittal (Frog 3, digit Fy) section. The ridges consist of collagen fibres curved around the lateral
pad axis. The troughs between the ridges are filled with mucus ducts (grey arrowheads) and blood
vessels (white arrowheads). Section orientations as in Fig. 3.7.
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Figure 3.9 (1) Histochemically (purple-dark blue) and (11) immunohistochemically (brown) stai-
ned smooth muscle fibres in a digital pad of Hyla cinerea. (A) Two thick muscle fibre bundles
(black arrowheads in A and B) run from the distal tip of the distal phalanx towards the ventral
epidermis, and distal-cross-lateral muscle fibres traverse the lymph space above the ventral dermis
(grey arrowhead in A); transverse section (Ag: frog 3, digit Fryr, Ajr: frog 1, digit Fyr). (B) Thin
muscle fibre bundles (grey arrowheads in B) traverse the lymph space ventrodorsally; sagittal
section (By: frog 3, digit F1, Bir: frog 1, digit Hy). Smooth muscle fibres also surround the mucus
glands (stars). (C) A fine network of proximal-cross-lateral muscle fibres runs laterally through
the ventral collagen layer below the widening base of the distal phalanx (black arrowhead in C and
white arrowhead in B); transverse section (Cr: frog 3, digit Frr, Cir: frog 1, digit Frr). Section
orientations as in Fig. 3.7. CH chromatophore.

not present in the proximal, expanding part of the collagen layer, and they gradually
flatten and vanish towards the distal end of the digital pad. The troughs contain
mucus ducts and blood vessels running from the gland space towards the ventral pad
surface.

3.3.2.3 Muscular structures

The combination of histology, immunohistochemistry, and p-CT reveals the presence
of muscular structures in the digital pads of H. cinerea (Figs. 3.5A,3.9). Generally,
these structures appear as (bundles of) long cellular fibres with diameters < 5pm
containing elongated nuclei. Based on the positive immunohistochemical staining
and the absence of striations, we identify the fibres as smooth muscle fibres.

Most muscle fibres are located in the distal lymph space. Two distinct bundles of
muscle fibres (referred to as thick muscle fibre bundles) extend from the distal tip
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of the distal phalanx ventrolaterally towards the ventral cutis (Fig. 3.9A,B). More
distally, numerous finer muscle fibre bundles (referred to as thin muscle fibre bund-
les) traverse the lymph space in between dorsal and ventral dermis (Figs. 3.5A,3.9B).
These bundles are occasionally interconnected within the lymph space and are, in
general, rotated about the transverse pad-axis such that their dorsal attachment is
located more proximally than their ventral attachment. The total horizontal cross-
sectional area of all (thin and thick) muscle fibre bundles traversing the lymph space
dorsoventrally ranges approximately from 7000 pm? to 14 000 pm? (measured for di-
gits F; and Hy of Frog 3 and digit F; of Frog 1). Additionally, several bundles of
smooth muscle fibres run cross-laterally through the lymph space close to the ven-
tral dermis (referred to as distal-cross-lateral muscle fibre bundles; Fig. 3.9A). These
bundles appear mostly in the proximal half of the lymph space and connect to the
dorsoventrally oriented fibres.

Another fine network of smooth muscle fibres is present in the proximal, widening
part of the ventral collagen layer below the base of the distal phalanx. These fibres
(referred to as proximal-cross-lateral muscle fibre bundles) run cross-laterally through
the apical third to half of the collagen layer between the longitudinal bundles of
collagen fibres. The position of this muscle fibre network along the longitudinal pad-
axis coincides with the proximal begin of the pillar pattern on the ventral epidermis
(Fig. 3.8C).

3.3.3 Topologically optimised pad model under shear load

The finite element analysis of a non-optimised, shear-loaded model of the ventral
collagen layer in the digital pad of H. cinerea shows higher von Mises stresses between
the longitudinal rows of holes piercing the model than in between the holes within a
row (Fig. 3.10Ay;). Overall, von Mises stresses decrease from proximal to distal. The
maximum principal stress trajectories are curved around the transverse model axis and
run from the most proximal model surface towards the ventral surface (Fig. 3.10A1yy).
The distal extension of the stress trajectories increases from ventral to dorsal.

Topological optimisation leads to distal flattening of the model and to the ‘carving
out’ of longitudinal, curved ridges between the rows of holes. The ridges are separated
by troughs running in line with the rows of holes (Fig. 3.10B1). Von Mises stresses
are lower in the material separating the holes within a row than in between the rows
(Fig. 3.10Bq1). The maximum principal stress trajectories follow the curved shape of
the ridges (Fig. 3.10Bypy).

3.4 Discussion

The dermal and subcutaneous structures in the digital pads of tree frogs have received
little attention in previous research. To our knowledge, the latest reported efforts to
analyse the internal morphology of the pads were made 90 years ago (Noble & Jaeckle,
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Figure 3.10 Topological optimisation of a shear-loaded pad model. (A) Non-optimised, ventrally
fixed model (Young’s modulus E = 20 MPa, Poisson’s ratio v = 0.33) with the approximate shape
and size of the ventral collagen layer in a digital pad under a shear load Fj 1, acting on the proximal
surface (red). (B) Topological optimisation leads to the formation of longitudinal ridges, to distal
flattening, and to curved stress trajectories, similar to the ridges and the distribution as well as
orientation of the collagen fibres, respectively, in the ventral collagen layer in the digital pads
of Hyla cinerea (see insets). (I) Geometrical models in dorsoproximal view. The non-optimised
model is dimensioned in mm. (II) Von Mises stresses (dorsal view) indicating regions of low
mechanical loading. (III) Vector plot of the maximum principal stresses (lateral view) showing
the trajectories of force transmission.
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1928) while later studies focussed on bony and cartilaginous structures (Kamermans
& Vences, 2009; Manzano et al., 2007; Paukstis & Brown, 1991) and the superficial
epidermis (Barnes et al., 2013; Chakraborti et al., 2012, 2014; Drotlef et al., 2015;
Ernst, 1973a; Green, 1979; Green & Simon, 1986; Hertwig & Sinsch, 1995; Mizuhira,
2004; Nakano & Saino, 2016; Nokhbatolfoghahai, 2013; Scholz et al., 2009). Overall,
we find a number of tissues that were until now undescribed or have been characte-
rised only partially. As we discuss below, some of these tissues clearly are involved
in attachment, particularly offering pathways for the transmission of adhesive and
frictional attachment forces. Although adhesion and friction are interdependent and
some of the structures (e.g. the ventral epidermis) obviously are loaded during nor-
mal and shear loading, this may not be the case for all structures (e.g. the collateral
ligaments). Moreover, some structures seem primarily involved in either normal (e.g.
the septum) or shear loading (e.g. the ventral collagen layer). Therefore, we separa-
tely discuss the transmission of shear loads from the ventral epidermis via the ventral
collagen layer to the collateral ligaments (Fig. 3.11A1), the transmission of normal
loads through the septum (Fig. 3.11B), and potential functions of the smooth muscle
fibres in the digital pads of tree frogs (Fig. 3.11C).

3.4.1 Transmission of shear loads

During contact formation, mechanical loads are initially taken up by the ventral
epidermis. Overall, the epidermal morphology found in this study agrees with the
extensive description for the same species by Ernst (1973a). The presence of skewed
cells in the second most apical layer of epidermal cells in H. cinerea (this study),
Litoria caerulea (Nakano & Saino, 2016), and Staurois parvus (Drotlef et al., 2015)
contradicts cell skewing to be a mere age effect, as suggested previously (Ernst, 1973a;
Schuberg, 1891). We hypothesise that the longitudinally skewed tonofibrils increase
the stiffness of the apical epidermis during the transmission of shear loads deeper
into the digital pad, possibly increasing friction by the distribution of mechanical
stresses over a larger volume of pad material (Xue et al,, 2017) and maintaining
the structural integrity of the epidermal surface. The dense ‘sponge-like’ network
of tonofibrils within the apical regions of the superficial cells may locally increase
the mechanical resilience of the epidermis surface (Drotlef et al., 2015; Nakano &
Saino, 2016). Moreover, the skewed tonofibrils may help to increase the pad-substrate
contact area and adhesion during proximal pulling of the pad (Drotlef et al., 2015),
thus explaining the anisotropic friction measured in tree frogs (Chen et al., 2015;
Hanna & Barnes, 1991). Anisotropic friction has also been reported for smooth insect
pads containing cuticle fibrils (Bullock et al., 2008; Dirks et al., 2012) as well as
the skewed fibrous attachment systems of geckos (Autumn et al., 2006) and technical
adhesives (Murphy et al., 2007; Xue et al., 2014). Further work is needed to illuminate
the function of the skewed tonofibrils in tree frog attachment.

The basal epidermal layers are in earlier stages of ecdysis than the apical ones and do
not show the longitudinally skewed tonofibrils, as observed previously (Ernst, 1973a).
We hypothesise that the basal epidermis forms a layer with (nearly) isotropic material
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Figure 3.11 Schematic representation of a digital pad of Hyla cinerea in the midsagittal plane.
(A1) Proposed mechanism of shear load transmission during proximal pulling on the middle pha-
lanx. (Ajr) Equilibrium of the external forces and moments (free body diagram) acting on the
shear-loaded ventral cutis and collagen layer with a hypothetical distribution of shear and normal
loads acting on the ventral pad surface during steady attachment. In reality, shear loads will
be orders of magnitude higher than normal loads. (B) Hypothesised mechanism of normal load
transmission and the induction of peeling during extension of the distal phalanx. (C) Proposed
functions of the smooth muscle fibres (m.).

properties, together with the approximately randomly oriented collagen fibres in the
basement membrane and in the stratum spongiosum, which agree with general des-
criptions of these tissues in amphibians (Haslam et al., 2014; Toledo & Jared, 1993).
A direct fibrous connection between the epidermal surface and the skeleton concurs
with the risk of local overloading of the fibres or of the contact interface, causing local
material failure or peeling, respectively. We hypothesise that the (nearly) isotropic
layer serves in the horizontal distribution and equalisation of mechanical stresses taken
up from the superficial epidermis, hence reducing the risk of local peeling or material
damage (Fig. 3.11A;). Furthermore, deformations during loading arguably are higher
in the softer basal epidermal layers than in the stiffer apical ones. Accordingly, the
basal epidermis may contribute to viscoelastic shock absorption, as suggested for the
strongly vascularised ventral stratum spongiosum (Barnes et al., 2011). Further work,
for example immunohistochemistry and transmission electron microscopy, is required
to analyse the molecular and structural basis of anchoring of the ventral collagen layer
in the basement membrane.

83



Force-transmitting structures

The ventral collagen layer arguably takes up mechanical loads from the more ventral
tissues. The high level of structural ordering and the strong connectivity with more
ventral structures suggest that the collagen layer is the dermal stratum compactum
(Haslam et al., 2014; Toledo & Jared, 1993). The laterally separated ridges in the
ventral collagen layer in H. cinerea have been also reported for various other species
(Noble & Jaeckle, 1928). Both the toe pad and the numerical model show a flat
and relatively unperforated region distally of the (artificial) mucus ducts, laterally
separated ridges in the duct region, and curved trajectories of the collagen fibres and
the maximum principal stresses, respectively (Fig. 3.10B). These similarities between
the morphology of the ventral collagen layer and the morphology predicted from the
numerical pad model support our hypothesis that the collagen layer is adapted towards
a high stiffness during proximal shear loading of the ventral pad surface. Material
in the dorsodistal pad region contributes only little to the stiffness and hence is not
required. Mucus glands, which are present in normal amphibian skin (Haslam et al.,
2014), would weaken the collagen layer mechanically. We argue that the ‘outsourcing’
of the glands is a consequence of the need for a high stiffness/strength of the collagen
layer. In turn, the ridges result from the need for ducts connecting the glands with the
ventral pad surface. It is unavoidable that also the ducts locally weaken the collagen
layer. The serial duct arrangement arguably agrees with the lowest possible loss of
material in the transverse plane and accordingly with the highest possible stiffness
for a given transverse cross-sectional area. The material between the ducts within a
row experiences relatively low mechanical stresses (Fig. 3.10A11,B11), contributes only
little to the stiffness, and therefore is recessed in the numerical model. The structural
‘pre-alignment’ of the unloaded collagen layer and epidermis suggests the importance
of rapid mechanical functioning of these structures at the event of (shear-)loading.
Comparing the morphology of the whole digital pad for different load cases such
as shear and (compressive and tensile) normal loading, as done for the superficial
epidermis (Nakano & Saino, 2016), may help to quantify the amount of deformation of
the various internal pad structures and to illuminate the attachment-related functions
of these structures.

The presence of ridges in the collagen layer is also practically relevant for future stu-
dies: the ridges presumably give the pad anisotropic material properties, with a lower
stiffness in the transverse direction than along the longitudinal pad axis. Accordingly,
the pad deformation during (de-)hydration, for example by vacuumisation in electron
microscopy, may be anisotropic, which should be considered in the quantification of
geometrical parameters of the superficial epidermal cells. In microindentation-studies,
variations of pad parameters such as stiffness and work of adhesion (Barnes et al.,
2011) may be partially related to the location of the indentation with respect to the
ridges.

Proximally, the ventral collagen layer connects via the collateral ligaments with the
middle phalanx, as described by Noble & Jaeckle (1928). We propose that these
ligaments represent a bypass in force transmission around the distal joint complex:
a shear load acting on the ventral collagen layer is transmitted via the ligaments
directly to the middle phalanx and further. Hence, force transmission is achieved
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quickly and without the need of stabilising the distal phalanx by muscle activity. The
ligament side arms connecting to the ventral cutis of the middle digital segment, which
were observed also in Osteopilus septentrionalis (Noble & Jaeckle, 1928), may provide
additional proximal ‘anchor points’ for the collateral ligaments, hence supporting the
ligaments in load transmission.

Overall, the structures connecting the ventral pad surface with the middle phalanx are
presumably adapted towards a high stiffness and strength as well as the equalisation
of local stresses during shear loading (Fig. 3.11A1). For example, we estimate that
the ventral collagen layer can withstand a tensile load of 2.0-6.5N before material
failure, based on the measured transverse cross-sectional area and assuming a tensile
strength of 100 MPa (Biewener, 2008). This is well above the maximum load of 1.27 N
measured for single digital pads of T. resinifictriz (Bijma et al., 2016). Considering
peak shear stresses of up to 70kPa (Rhacophorus dennysi; Endlein et al., 2017) and
140kPa (L. caerulea; Crawford et al., 2016) withstood by the epidermal surface, and
the high tensile strength of the collagen layer, we argue that the digital pads are
adapted primarily towards the generation and transmission of frictional rather than
adhesive forces. This agrees with the functional demands on the pad arising from
the locomotion and habitat of tree frogs. During jumping and landing, terrestrial
frogs regularly experience ground reaction forces in the range of 1-5 N (Nauwelaerts
& Aerts, 2006). Frictional pad loading might be even higher and a high pad strength
even more important when a tree frog falls in its arboreal habitat and has to hold
to a leaf or twig (Bijma et al., 2016) to avoid death. Next to frictional forces, it
is unavoidable that adhesive forces also act on the ventral pad surface during shear
loading (Fig. 3.11Ay1): A proximal shear load acts not within the contact interface,
but more dorsally, on the load-transmitting structures, hence creating a moment
acting on the ventral pad surface. The generation of (compressive and tensile) normal
attachment forces at the pad surface is unavoidable to counteract this moment during
steady attachment (Fig. 3.11A7). The spatial distribution of the normal mechanical
stresses is still unclear, but they are arguably lower in magnitude than the occurring
shear stresses.

Importantly, tree frogs have been observed to pull their digital pads proximally over
the substrate after contact formation (Hanna & Barnes, 1991; Schuberg, 1891); this
movement may also occur when pulling proximally on the flexor tendon (Schuberg,
1891). Endlein et al. (2017) measured increased adhesion and friction as a conse-
quence of such pulling movements. In geckos and gecko-inspired adhesives (Bartlett
et al., 2012b), a similar correlation between attachment force and shear loading has
been assigned to a scaling of the attachment force with the effective stiffness of the
according adhesive systems. Although the physics of the scaling of attachment force
with material stiffness are still under debate (Mojdehi et al., 2017), the presence of
a stiff load-transmitting structure connecting the adhesive surface with the skeleton
both in the ‘dry’ digital pads of geckos (Russell, 1986) and the ‘wet’ pads of tree frogs
suggests functional relevance of these internal structures in attachment. In general,
an adhesive should be soft to facilitate the conformation to the substrate and the
enlargement of the contact area (Bartlett et al., 2012b). During adhesive loading,
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however, a stiff material arguably promotes the rapid formation of a mechanical link
between contact surface and substrate. Furthermore, a stiff material may facilitate
the spatial distribution of contact stresses and hence could impede detachment. The
digital pads of tree frogs (Fig. 3.11A1) that are soft in normal loading (Barnes et al.,
2013, 2011; Kappl et al., 2016) and stiff in shear loading (as suggested in this study)
might make use of these effects. As discussed above, the basal epidermal cell lay-
ers form a nearly isotropic (and potentially soft) link in the transmission of shear
loads, which may help to reduce peak loads. The epidermis is, however, quite thin.
Also, the basal epidermal cells are interdigitated and connected via desmosomes with
the basal dermal structures as well as with the more distal epidermal cells (Ernst,
1973a). Hence, the basal epidermis presumably does not have a strong adverse ef-
fect on the shear stiffening discussed here. Simultaneous measurements of the elastic
modulus, compliance, and attachment force as well as a quantification of the spatial
contact stress distribution at the pad-substrate interface are needed to analyse the
shear stiffening of the digital pads of tree frogs.

3.4.2 Transmission of normal loads:
the septum as an adaptation towards peeling?

As in shear loading, the normal adhesive loads acting on the ventral pad surface must
be transmitted through the cutaneous and subcutaneous structures to the internal
skeleton. As discussed above, the ventral cutis seems to be adapted primarily towards
the transmission of shear rather than normal loads: The naturally skewed trajectories
of the tonofibrils in the superficial epidermal cells negate potential adhesion-enhancing
effects found in tree-frog-inspired adhesives including normally oriented fibres (Xue
et al., 2017).

Load transmission from the ventral cutis to the distal phalanx could be achieved by the
collagenous septum separating the distal lymph space and the proximal gland space,
and by the (thick and thin) smooth muscle fibre bundles traversing the lymph space
dorsoventrally (Fig.3.11B). To our knowledge, the septum has not been described
previously although Schuberg (1891) mentioned the thick muscle fibre bundles that
reinforce the septum distally. Clearly, the septum functions as a separating wall
between gland and lymph space. However, it is unclear if the septum mainly serves for
clustering the glands or for creating a ‘free’ lymph space. The septum has a horizontal
cross-sectional area of ca. 6500-7500 pm? (measured for digits Fyip of Frog 1 and Hy
of Frog 3), which corresponds with a maximum tensile load before material failure of
0.65-0.75 N, assuming the same tensile strength as for the ventral collagen layer. In
total, the dorsoventral muscle fibre bundles can only bear a drastically lower load of
2.8-5.6 mN (assuming a tensile strength of 0.2-0.4 MPa of skeletal muscle; Biewener,
2008), which suggests that these muscle fibre bundles—if involved at all—only have
a supportive role in normal force transmission. In total, the muscle-collagen-complex
should be well able to withstand the fraction of the approximate body weight acting on
a single digit (i.e. 3.815mN). However, (i) the tensile strength and the cross-sectional
area mentioned above may have been overestimated for the relatively loose collagenous
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septum and (ii) it is unclear, how loads are distributed between the stronger septum
and the weaker muscle fibre bundles.

The muscle-septum-complex connects with the ventral cutis along a cross-lateral line
that results from the intersection of the horizontal dermal plane and the septum plane.
This locally confined conjunction of septum and cutis implies a local concentration
of mechanical stresses during dorsodistal pulling on the septum as a result of exten-
sion or translation of the distal phalanx, which increases the probability of peeling at
the proximal pad surface (Fig. 3.11B). In fact, a simplified FEA model shows (i) the
highest normal contact stress at the proximal edge of the ventral contact surface of a
pad model when loading the septum dorsodistally, and (ii) a higher averaged normal
contact stress when loading the pad model via the septum compared to loading via
the proximal end surface of the pad model (Fig. 3.11B; see Section 3.S1.8). Moreo-
ver, dorsodistal pulling on the septum coincides with a large peeling angle (> 90°)
relative to the substrate, reducing the pulling force needed for peeling according to
peeling theory (Kendall, 1975). The induction of peeling by pulling proximally (via
the collateral ligaments) on the ventral collagen layer, as suggested by Hanna & Bar-
nes (1991), requires either a higher pulling force than for pulling on the septum,
or an increase of the peeling angle by forward-rotation of the whole digit. Overall,
these observations support the hypothesis that the septum represents an adaptation
towards (rapid and efficient) detachment rather than for attachment (Fig. 3.11B).
Peeling-induction via the septum may be especially important for the detachment of
tree frogs in their typical resting position, when the limbs are positioned closely below
the body (own observations but also Endlein et al., 2012; Siedlecki, 1909) and large-
scale limb movements may be hindered, in escape manoeuvres, when fast detachment
is decisive, or during locomotion, when detachment should be as energy-efficient as
possible. The hypothesised role of the septum in detachment could be tested, for
example, by comparing the pull-off forces of an unmodified digital pad and a pad
with disjointed septum; if peeling occurs via septum peeling, the original pad should
detach more easily than the manipulated one.

Alternatively, normal force transmission might be achieved indirectly via the dorsal
and lateral cutis. In Hyla arborea and Rhacophorus reinwardtii, the distal phalanx is
known to bulge out the dorsal cutis (Schuberg, 1891; Siedlecki, 1910), which is also
seen in the segmented digital tip of H. cinerea (Fig. 3.5A). In indirect force transmis-
sion, contact stresses would be automatically concentrated at the edge of the contact
surface, making peeling more likely. If present at all, indirect force transmission is
less favourable than a direct one.

3.4.3 Attachment-related functions of the smooth musculature

We find several muscular structures in the digital pads of H. cinerea, that are not
mentioned in the current literature (Ernst, 1973b; Mizuhira, 2004). The primary
locomotory musculature is located more proximally (Manzano et al., 2008) and the
muscle fibres in the digital tip most likely facilitate fine modulations of the digital tip
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(Fig. 3.11C).

The two thick bundles of smooth muscle fibres mentioned above observed also in
H. arborea (Schuberg, 1891) connect the distal tip of the distal phalanx with the
ventral cutis. Schuberg (1891) argues that the muscle fibre bundles support the
flexion of the distal phalanx and hence the exertion of pressure on the gland space
and the secretion of mucus. The large moment arm created by the attachment of
these muscle fibre bundles at the distal end of the distal phalanx with respect to the
distal joint supports a function in phalanx flexion.

The thin bundles of smooth muscle fibres traversing the lymph space dorsoventrally
have been described previously for H. arborea as connective tissue (Dewitz, 1883;
Leydig, 1868; v. Wittich, 1854), although their muscular nature was later confirmed
(Schuberg, 1891). The p-CT-data show that these thin muscle fibre bundles do not
connect to the distal tip of the distal phalanx, as stated previously, but to the dorsal
dermis. Therefore, they presumably do not fulfil the same function as the thick muscle
fibre bundles. Instead, the concerted activation and contraction of the thin fibres
might enable the spatial control of contact stresses at the pad-substrate interface, thus
promoting or avoiding peeling. Moreover, contraction of the thin muscle fibre bundles
might alleviate the mechanical stresses in the two thick muscle fibre bundles and the
septum, hence avoiding peeling via septum-loading as discussed above. Additionally,
contraction of the fibres in the lymph space might allow for the active modification of
the stiffness and hence the contact area (Afferante et al., 2016), or of the viscoelasticity
of the lymph space, which could act as macroscopic shock absorber with muscle-
modulated dampening properties.

Distal-cross-lateral muscle fibres have also been found in other hylids by Schuberg
(1891) and Gadow (1909), who suggested that these fibres control the shape of the
longitudinal macroscopic grooves (Lee et al., 2001; Nokhbatolfoghahai, 2013; Ohler,
1995) observed in the ventral pad surface.

The—to our knowledge previously undescribed—proximal-cross-lateral muscle fibres
described in Section 3.3.2.3 might aid in controlling the lateral expansion of the ventral
collagen layer during normal loading and hence the secretion of mucus. Alternatively,
contraction of these fibres might increase contact stresses at the proximal edge of
the contact surface. As discussed above, the pad starts peeling off proximally during
regular walking (Hanna & Barnes, 1991) and local contact stress enhancement might
ease this peeling motion.

Further research is needed to conclude on the function(s) of the smooth muscle fibres.
Observing geometrical changes in the digital pad during local in vivo in situ elec-
trostimulation of muscular or neural structures may help to elucidate the mechanical
function of the contraction of specific muscle fibre groups. As a first step towards
such an experiment, we suggest studying the innervation of the muscular structures
in the digital tip (e.g. Is the nervous system sympathetic or parasympathetic? Are the
neural and muscular structures arranged in motor units?). Clarifying the function(s)
of the muscle fibres is not only relevant from a biomechanical viewpoint; understan-
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ding the insertion of the muscle fibres at the distal phalanx may also generate new
impulses in the phylogenetic classification of tree frogs based on the phalangeal mor-
phology (Kamermans & Vences, 2009). The presence of muscular structures also
has practical consequences: The (hemi-)spherical shape assumed in current contact
mechanics models applied to tree frog attachment (e.g. the Johnson-Kendall-Roberts-
model; Johnson et al., 1971) may be an oversimplification of the digital pads of tree
frogs, as these animals are potentially able to actively modulate the pad geometry
as well as the distribution of contact stresses at the contact interface. In addition to
common artifacts such as swelling/shrinkage of the samples, measurements on ana-
esthetised or euthanised animals may come with morphological artifacts due to the
relaxed state of the muscles, that do not occur during in vivo measurements.

3.5 Conclusions

e The 3-D morphological analysis of the digital pads of the tree frog Hyla cine-
rea reveals a general bauplan, which comprises, among others, a ventral colla-
gen layer, collateral ligaments, a septum compartmentalising the subcutaneous
volume into a distal lymph space and a proximal gland space, and muscular
structures.

e The ventral collagen layer consists of longitudinally oriented collagen fibres and
forms, together with collateral ligaments, a mechanical link between the ventral
pad surface and the middle phalanx during shear loading. Similarities in the
morphology of the ventral collagen layer and a numerically optimised model
suggest that the collagen layer is primarily adapted towards the transmission of
shear loads. We estimate that the collagen layer can withstand a shear load of
up to 6.5 N.

e The septum forms a mechanical link between the ventral cutis and the distal
tip of the distal phalanx. Further work is required to test our hypothesis that
dorsodistal pulling of the septum facilitates proximal peeling of the pad.

o The digital pads of H. cinerea (and of other species) contain smooth muscu-
lar structures besides the myoepithelial cells around the mucus glands. Nu-
merous thin muscle fibre bundles and two thick muscle fibre bundles traverse
the lymph space dorsoventrally. Furthermore, several muscle fibre bundles run
cross-laterally through the lymph space as well as though the proximal-apical
part of the ventral collagen layer. Further work is needed to conclude on the
attachment-related function(s) of these muscular structures.

e Overall, this study adds to the knowledge on the digital pads of tree frogs, hence
offering novel perspectives on the ecology, phylogeny, and evolution of anurans,
as well as contributing to the functional understanding of tree frog attachment:
We expect that the digital pads of tree frogs will provide inspiration for the
design of biomimetic adhesives beyond geometrical modifications of the contact
surface.
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3.5 Supporting information

3.51.1 Symbols and abbreviations

Table 3.SI.1 List of Roman (top) and Greek (bottom) symbols in alphabetical order.

Symbol SI Unit Description

E Pa =kgm 1s—2 Young’s modulus

FjL N = kgms~2 Shear load

T m Longitudinal spatial coordinate
Y m Lateral spatial coordinate

z m Vertical spatial coordinate

v - Poisson’s ratio

o Pa = kgm~1s—2 Yield strength

o Pa = kgm~ 152 Mean normal contact stress
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3.51.1.1 List of abbreviations

Table 3.SI.2 List of abbreviations of morphological (top) and other (bottom) terms in alphabe-
tical order.

Abbreviation Description

BV Blood vessel

CH Chromatophore

CO Collagen tissue

DE Dermis

DP Distal phalanx

DU Mucus duct

ED Epidermis

ET Tendon of the extensor muscle
F Forelimb

FT Tendon of the flexor muscle
H Hindlimb

1E Intercalary element

LI Ligament

LY Lymph space

m. / mm. Muscle / muscles

MG Mucus gland

MP Middle phalanx

SE Septum

SM Smooth muscle

PB Base of the distal phalanx
PH Head of the middle phalanx
ca. circa

FEA Finite Element Analysis
p-CT Synchrotron micro-computer-tomography
PTA Phosphotungstic acid

stl SurfaceTessellationLanguage

3.51.2  Housing conditions

The animals were housed in 0.6 - 0.6 - 1.2 m® (width - length - height) large terraria,
with six frogs per terrarium, at the CARUS research facility at WUR. The terraria
were enriched with plants (Ficus spec.) and a scaffold of polypropylen-pipes. The
temperature was kept at 24-26 °C with heating mats and the relative air humidity
was kept at 45-85% with a semi-automatised sprinkler system using demineralised
water (Bitter Watertreatment, The Netherlands). The frogs were kept at a 12h : 12h
dark-light-cycle and fed 2-3 times per week with 3-5 live crickets enriched with vita-
min/mineral powder (Dendrocare, AmVirep, Netherlands) per individual; water was
supplied ad libitum. The room air was filtered for pathogens using an air purifier
(WINIX U300, Winix, USA). The frogs were monitored daily for feeding state and
abnormal behaviour.
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3.51.3 p-CT image analysis

1. Median filter
(a) Radius =1
2. Grey-value thresholding
(a) Filter band: 32772-35779
3. Grey-value thresholding
(a) Equalisation = 1
(b) Number of bins = 100
(¢) Number of ignored bins = 10

Figure 3.SI.1 The steps of image processing for transverse sections through a digital pad of Hyla
cinerea (A) in the joint region and (B) through the digital gland space. (1) Original image, (11)
background removal by grey-value-thresholding, (111) histogram equalisation, and (1v) segmenta-
tion (yellow: distal and middle phalanx, orange: intercalary element, light blue: ventral mucus
glands, dark blue: tendons of the flexor and extensor muscles, green: ligaments and ventral colla-
gen layer.

3.S51.4 Histochemical protocols

3.51.4.1 Embedding protocol

1) Fixation and storage (see main text)

2) Rehydration
a. Transfer of sample to 35% ethanol
b. Distilled water 2 min
c. Short submerging of sample in lukewarm 1% agarose gel

92



Supporting information

3) Agarose embedding

a. Orientation of sample in lukewarm 1% agarose gel using a

SZ-4 stereo microscope (Olympus, Japan)

b. Hardening of agarose on a cold glass plate
c. Cutting of agarose block according to desired cutting plane

4) Tissue-processing
a. Dehydration
i. 70% ethanol
ii. 80% ethanol
iii. 90% ethanol
iv. 96% ethanol
v. 100% ethanol
vi. 100% ethanol
b. Cleaning
i. Xylene bath

5) Paraffin embedding
a. Paraffin (KP Paraclean)
b. Vacuum oven

3.51.4.2 Staining solutions

Acetic acid (3%)
Acetic acid, glacial
Distilled water

Alcian blue (pH 2.5)
Acetic acid, glacial
Distilled water

Alcian Blue GS

Mayer’s Haematoxylin
Haematoxylin

Distilled water

Sodium iodate

Potassium Alum

Chloral hydrate

Citric acid

Fuchsin/Orange G
Acid fuchsin

Orange G

Acetic acid, glacial
Distilled water
Thymol

Phosphomolybdic acid (5%)
Phosphomolybdic acid
Distilled water
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45 min
30 min
20 min
20 min

3-1h

1h
3 - 15 min

3 mL
97 mL

3 mL
97 mL
lg

lg

1000 mL
02g¢g

50 g

50 g

lg

13 g

5 mL
500 mL
0.33 g

25¢g
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Light green (1%)
Light green SF
Acetic acid, glacial
Distilled water

3.51.4.3  Staining protocol

1) Deparaffinisation and rehydration to distilled water
2) Acetic acid (3%

3) Alcian blue (pH 2.5)

4) Rinsing in Acetic acid (3%

5) Rinsing in distilled water

6) Mayer’s Haematoxylin

7) Rinsing in running tap water

8) Fuchsin/Orange G

9) Rinsing in distilled water

10)  Phosphomolybdic acid (5%)
11)  Rinsing in distilled water
12)  Solution Light green (1%)
13) Rinsing in distilled water
14)  Washing in 100% ethanol
15) Clearing with Xylene

16)  Mounting with DPX

3.51.5 Immunohistochemical protocols

3.51.5.1 Staining solutions

Peroxidase removal and blocker

TBS-triton

Sodium chloride
Tris(hydroxymethyl)aminomethane (TRIS)
Triton 10%

Hydrochloric acid (HCI)

Distilled water

TBS-triton / H202
TBS-triton
H202 30%

Blocker - goat serum 10% / BSA 1%
TBS-triton
Goat serum
BSA-c 10%

Goat serum 2%
TBS-triton
Goat serum
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10g
10 mL
1000 mL

3 min

30 min
20-30 s
2 - 2 min
7 min

10 min

1 dip

2 min

4 min

2 min

10 min

2 -1 min
4 - 2 min
3 - 2 min

88 ¢g

6.06 g

2.5 mL

until pH = 7.4 is reached
fill up to 1000 mL

222.75 mL
2.25 mL

3200 pL
400 pL
400 pL

8820 pL
180 L
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Peroxidase removal and blocker

1st antibody -
anti-a-smooth-muscle-actin (1:400)
Goat serum 2%
anti-a-smooth-muscle-actin

2nd antibody - goat-anti-mouse/HRP
(1:100)

Goat serum 2%

GaM/HRP

DAB-stain

TRIS-HCI1

TRIS
HC1

Distilled water

3,3’-diaminobenzidine(DAB)-stain
TRIS-HC1

DAB stock (5mgmL~1)

H202 30%

3.51.5.2  Staining protocol

0 ~J O U W N
—_ e DD —

10)
11)
12)
13)
14)
15)
16)

Deparaffinisation and rehydration to distilled water

TBS-triton / H2O2

Washing in TBS-triton

Blocking with Blocker - goat serum 10% / BSA 1% in TBS-triton
Incubation in 1st antibody - anti-a-smooth-muscle-actin (1:400)
Washing in TBS-triton

Incubation in 2nd antibody - goat-anti-mouse/HRP (1:100)
Washing in TBS-triton

Washing in TRIS-HCI

Staining with 3,3’-diaminobenzidine(DAB)-stain

Rinsing in running tap water

Mayer’s haematoxylin staining

Rinsing in running tap water

Dehydration (70% to 100% ethanol)

Clearing with Xylene

Mounting with DPX
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3990 pL
10 pL

3960 pL.
40 pLL

6.06 g

until pH = 7.6 is reached

fill up to 1000 mL

4500 pLL
500 pLL
5uL

20 min

2 - 5 min
30 min
overnight at 4 °C
3 - 5 min
45 min

2 - 5 min
2 - 5 min
8 min

10 min

1 min

10 min

3 - 2 min
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3.51.6 Interdigital, interlimbal, interindividual, and intermethodological
comparisons of the internal pad morphology

Figure 3.SI.2 Series of transverse sections through digital pads of the (A) fore- and (B,C) hind-
limbs of Hyla cinerea obtained by (A,B) histology and by (C) p-CT, from distal to proximal. The
histological sections were stained with Crossmon’s light green trichrome including haematoxylin
and Alcian blue.
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Figure 3.SI.3 Series of sagittal sections through digital pads of the (A) fore- and (B,C) hindlimbs
of Hyla cinerea obtained by (A,B) histology and by (C) p-CT, from lateral to mid-sagittal. The
histological sections were stained with Crossmon’s light green trichrome including haematoxylin
and Alcian blue.
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Figure 3.SI.4 Series of horizontal sections through digital pads of the (A) fore- and (B,C) hind-
limbs of Hyla cinerea obtained by (A,B) histology and by (C) p-CT, from ventral to dorsal. The
histological sections were stained with Crossmon’s light green trichrome including haematoxylin
and Alcian blue.
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3.51.7 Intermediate topologically optimised geometries

Figure 3.SI.5 Intermediate geometries resulting from the topological optimisation for increasing
volume reduction.
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3.51.8  Modelling of the normal contact stresses during peeling

Figure 3.SI.6 Normal contact stresses in a simplified finite element model (element size = 15 pm)
as prediction of the peeling stresses in the digital pads of tree frogs during (A) dorsodistal loading
of the septum and (B) proximal loading of the ventral collagen layer. Displacement of the ventral
model surface is prohibited as indicated by the black solid line; the proximal model section is
not fixed. A load of 3.815mN is applied on the dorsal surface of the septum (red surface in top
model) and on the proximal surface of the ventral collagen layer (orange surface in top model),
respectively, at three different angles with respect to the according surface normal. The surface
plots show the spatial distribution and the average value of the normal contact stresses at the
ventral model surface.
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3.51.9 Structures of force transmission in 3-D

Video 2.SI.1 The digital tip and internal structures of Hyla cinerea (Frog 3, digit Hy ) in dorsolateral
view rotated by 360° around the dorsal-ventral pad axis. Colour coding of the structures as in Fig. 3.5.
Available in the published online version of this chapter.

Video 2.SI.2 The digital tip and internal structures of Hyla cinerea (Frog 3, digit Hy/) in ventro-
lateral view rotated by 360° around the dorsal-ventral pad axis. Colour coding of the structures as
in Fig. 3.5. Available in the published online version of this chapter.
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CHAPTER 4

Comparative and functional analysis
of the digital mucus glands and secretions
of tree frogs

Abstract

Background: Mucus and mucus glands are important features of the amphibian
cutis. In tree frogs, the mucus glands and their secretions are crucial components of
the adhesive digital pads of these animals. Despite a variety of hypothesised functions
of these components in tree frog attachment, the functional morphology of the digital
mucus glands and the chemistry of the digital mucus are barely known. Here, we use
an interdisciplinary comparative approach to analyse these components, and discuss
their roles in tree frog attachment.

Results: Using synchrotron micro-computer-tomography, we discovered in the ar-
boreal Hyla cinerea that the ventral digital mucus glands differ in their morphology
from regular anuran mucus glands and form a subdermal gland cluster. We show the
presence of this gland cluster also in several other—not exclusively arboreal—anuran
families. Using cryo-histochemistry as well as infrared and sum frequency generation
spectroscopy on the mucus of two arboreal (H. cinerea and Osteopilus septentrio-
nalis) and of two terrestrial, non-climbing frog species (Pyzicephalus adspersus and
Ceratophrys cranwelli), we find neutral and acidic polysaccharides, and indications

This chapter has been accepted in revised form for publication as: LANGOWSKI, J.K.A., SINGLA, S.,
NYARKO, A., SCHIPPER, H., VAN DEN BERG, F.T., KAUR, S., AsTLEY, H.C., GUSSEKLOO, S.W.S.,
DHINOJWALA, A. & VAN LEEUWEN, J.L. (2019). Comparative and functional analysis of the digital
mucus glands and secretions of tree frogs. Frontiers in Zoology.
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for proteinaceous and lipid-like mucus components. The mucus chemistry varies only
little between dorsal and ventral digital mucus in H. cinerea, ventral digital and abdo-
minal mucus in H. cinerea and O. septentrionalis, and between the ventral abdominal
mucus of all four studied species.

Conclusions: These results shed new light on the role of mucus glands and their
secretions in tree frog attachment. The presence of a digital mucus gland cluster in
various anuran families, as well as the absence of differences in the mucus chemistry
between arboreal and non-arboreal frog species indicate an adaptation towards generic
functional requirements rather than attachment-related requirements. Overall, this
study contributes to the understanding of the role of glands and their secretions
in tree frog attachment and in bioadhesion in general, as well as the evolution of
anurans.

Keywords: Hyla cinerea; Macrogland; Mucosubstance; Lubrication; Wet adhesion;
Cryo-histochemistry; Infrared spectroscopy; Sum frequency generation spectroscopy;
Synchrotron micro-computer-tomography.

4.1 Background

Climbing is an important aspect of terrestrial locomotion, as it allows animals to
avoid ground-dwelling predators and to access elevated habitats, but poses significant
challenges (Cartmill, 1985), especially on wet and slippery surfaces. For successful
climbing, many species from various clades have developed a wide range of attachment
structures (Gorb, 2008). Studying the various bioadhesive solutions found in nature
helps not only to unravel the evolution of the according species (Hertwig & Sinsch,
1995; Moen et al., 2013), but also contributes to the understanding of the fundamental
physics and chemistry of attachment, hence providing inspiration for the design of
technical adhesives (von Byern & Grunwald, 2010).

Traditionally, biological adhesives have been categorised into ‘dry’ (e.g. the ‘hairy’
digital pads of geckos covered with numerous setae; Autumn et al., 2002; Niewiarowski
et al., 2016) and ‘wet’ systems (e.g. the adhesive pads of various arachnids, insects,
and amphibians such as tree frogs; Dirks & Federle, 2011; Wolff & Gorb, 2016). Wet
adhesives are characterised by the presence of a liquid layer in between the adhesive
organ and the substrate, which arguably increases the complexity of the attachment
system compared to dry adhesives (Dirks, 2014; Dirks & Federle, 2011; Ditsche &
Summers, 2014).

Tree frogs, with a snout-vent-length (¢gy) of up to 13.5cm and a body mass (m) up
to 160 g, are among the largest terrestrial organisms having wet attachment organs
(Endlein et al., 2017; Tyler, 1968), and therefore an interesting group to study the at-
tachment mechanisms in. Generally, amphibians have a moist skin (Toledo & Jared,
1995) that contains mucus, granular (also serous, poisonous, or venomous), mixed
(also seromucous), and lipid glands, which secrete various muco- and other substan-
ces (Brizzi et al., 2001; Clarke, 1997; Mills & Prum, 1984; Toledo & Jared, 1995);
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see Section 4.SI.2 for the associated mucus nomenclature. The epidermal mucus is
involved in various functions including thermoregulation, cutaneous gas exchange,
reproduction, and defense against predators and pathogens (Clarke, 1997; Haslam
et al., 2014; Toledo & Jared, 1993, 1995).

The mucus on the adhesive digital pads has been suggested to (i) enable wet adhesion
(i.e. capillary and hydrodynamic adhesion; Emerson & Diehl, 1980; Nachtigall, 1974),
(ii) lubricate the skin (Federle et al., 2006) and hence to avoid abrasive wear (Clarke,
1997; Langowski et al., 2018a), (iii) avoid stiffening, the loss of conformability, and
the resulting decrease in attachment performance on rough substrates, and (iv) allow
the control of the relative contribution of capillary and van der Waals (vdW) forces
to attachment by active changes in the mucus chemistry (Li et al., 2018b).

Considering this wide range of potential functions of the mucus in tree frog atta-
chment, surprisingly little is known on the chemical nature of the secreted mucus and
on the morphology of the glands that produce it. The glands appear to be clustered in
the basal-proximal dermis (Gaupp, 1904; v. Wittich, 1854). Since these early descrip-
tions, the clustered ventral digital glands received to our knowledge little attention.
Individual glands are tubuloalveolar with a single-layered cuboidal epithelium (Ley-
dig, 1868; Noble & Jaeckle, 1928), covered by a layer of smooth muscle cells (Ernst,
1973b; Langowski et al., 2018b; Schuberg, 1891). Their ducts open via pores on the
ventral pad surface (Dewitz, 1883; v. Wittich, 1854). Although the glands have been
described as mucus glands (Ernst, 1973b; Nakano & Saino, 2016; Noble & Jaeckle,
1928; Nokhbatolfoghahai, 2013; Welsch et al., 1974), we are not aware of a detailed
histochemical characterisation of their secretory content. Also, the exact gland mor-
phology, the gland volumina (i.e. the available amount of mucus), and the distribution
of the pores over the ventral epidermal surface (i.e. the spatial distribution of mucus
on the pad surface) are unknown.

Here, we present a quantitative analysis of the mucus glands and their secretory pro-
ducts in the digital pads of tree frogs. We focus on Hyla cinerea (American green
tree frog), one of the most frequently studied tree frog species (Emerson & Diehl,
1980; Ernst, 1973a,b; Linnenbach, 1985; Noble & Jaeckle, 1928). By combining syn-
chrotron micro-computer-tomography (p-CT) and cryo-histochemistry, we study the
functional morphology of the dorsal and ventral glands in the digital pads in 3D.
Furthermore, we analyse the digital mucus prior to secretion within the glands by
cryo-histochemistry as well as after secretion by attenuated total reflectance-infrared
spectroscopy (ATR—IR) and interface-sensitive sum frequency generation spectroscopy
(SFG), aiming for a characterisation of the chemical composition of the mucus and of
its interaction properties at the pad-substrate interface. With these techniques, we
compare (i) the mucus from the ventral and the dorsal pad surface in H. cinerea, (ii)
from the ventral pad surface and the ventral abdomen in the arboreal species H. cine-
rea and Osteopilus septentrionalis (Cuban tree frog), and (iii) the abdominal mucus
of arboreal (H. cinerea, O. septentrionalis) and non-arboreal (Ceratophrys cranwells,
Pacman frog; Pyxicephalus adspersus; African bullfrog) frog species (Table 4.S1.3).
Based on these analyses, we address the following questions:
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e Do the ventral mucus glands and their secretions differ from the dorsal mucus
and mucus glands in the digital pads? Does the ventral digital mucus differ
from ventral abdominal mucus? And does the abdominal mucus differ between
arboreal and non-arboreal frog species? Positive findings on these questions
would support a functional specialisation of mucus and glands in tree frogs
towards attachment.

o Can the ventral mucus glands produce enough mucus to fill the pad-substrate
gap, which is imperative for wet adhesion, or do tree frogs rely on additional
liquid sources?

e« How are the ventral digital mucus gland pores distributed across the pad sur-
face?

4.2 Results

4.2.1 Mucus gland morphology

The digital pads of H. cinerea contain several types of glands in different regions
of the pad (Fig. 4.1). Dorsally, the dermal stratum spongiosum contains numerous
(n = 158 for the left half of the dorsal digital cutis) ‘regular’ mucus glands that are
evenly distributed across the whole dorsal dermis of the terminal digital segment, with
a nearest-neighbour-distance (NND) of 57.34+10.2 um (throughout the manuscript we
report mean =+ standard deviation unless mentioned otherwise) and a density (pq) of
191.3 gland openings per mm?. The dorsal glands have an approximately spherical
body with a diameter (dg) of 45.0+5.5 nm (assuming spherical gland volumes; Fig. 4.1)
and a volume (Vyg) of 0.0504+0.019 nL (Fig. 4.SI.1), summing up to a total dorsal gland
volume (Vg) of ca. 15.8nL per pad. The dorsal gland volume per pad surface area
(pav) is 9.5nL mm~2. The gland bodies connect to the dorsal pad surface via short
straight ducts, which run approximately perpendicularly to the epidermal surface.
Ounly a few granular glands are present in the dorsal dermis (identified according to
Mills & Prum, 1984).

Ventrally, almost no glands are found in the stratum spongiosum. Only at the proxi-
mal, distal, and lateral edges of the adhesive pad, a few glands (n = 12) are present
in the dermal stratum compactum (Fig. 4.1). The majority of mucus glands (n = 49)
secreting to the ventral pad surface is located in the subdermal space delimited by
the ventral (and ventrolateral) surface of the terminal phalanx, dorsal and ventral
cutaneous collagen, and a collagenous dorsoventral septum running from the distal
tip of the terminal phalanx to the ventral cutis (for a detailed description of these
structures see Langowski et al., 2018a). We refer to the combined gland bodies inside
this space as ‘gland cluster’.

These ventral mucus glands are clearly tubular, with a mean length (¢) of
769.24+251.2nm. Their alveolar bodies are elongated—with the longitudinal gland
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Figure 4.1 Mucus glands in a digital pad of Hyla cinerea. (A) 3D view of the whole digital tip.
Only the left half of the approximately bi-laterally symmetric dorsal mucus glands is shown. (By)
Frontal, (Byp) lateral, and (Byyr) ventral view of the glands. The dotted lines indicate the proximal
border of gland segmentation. z, y, z: longitudinal, lateral, and vertical spatial coordinates.

axis running from proximal-ventral towards distal-dorsal-—and strongly convoluted.
Each gland connects via a thin (d ~ 30 pm) duct to the ventral pad surface. Beginning
from the gland body, most ducts turn towards the ventral epidermis just proximally
of the dorsoventral septum (Fig. 4.1By). After piercing the septum, the ducts traverse
the internal pad space at an angle of about 45° with respect to the horizontal plane
towards the ventral surface. Upon entering the ventral pad epidermis, the ducts take
another sharp turn, such that they run approximately normally towards the pad sur-
face. A single gland has a volume (V,g) of 0.78+0.28 nL, which is significantly higher
than that of the dorsal ones (Two-sample t-test, ¢ = 18.24, p < 0.001; Fig. 4.S.1).
The total ventral gland volume (V5,) sums up to 38.0 nL. The ventral gland pores have
a NND of 120.8427.1 pm, and a gland density (py) of 52.7 pores per mm? pad surface
area. This corresponds with a gland volume density (pyv) of 40.8 nL mm~2.

The dorsal pore NND, an inverse proxy of the pore density, decreases along the lateral
pad axis towards the sagittal pad plane (¢[155] = 5.16, p < 0.001), whereas such a
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Figure 4.2 Spatial distribution of the digital mucus gland pores in Hyla cinerea. (A) 3D view
of the dorsal (crosses; only the left half of the dorsal mucus pores is shown) and ventral (circles)
pores on the digital pad cutis. (B) Spatial variation of the dorsal and (C) ventral mucus pore
density, approximated by the nearest-neighbour-distance NND [colour-coded in pm)], across the
pad surface in dorsal view.

trend was not observed for the longitudinal pad axis (¢[155] = 1.82, p = 0.07, Fig. 4.2).
For the ventral glands, NND significantly increases along the lateral (¢[46] = 6.30,
p < 0.001) and decreases along the longitudinal (¢[46] = —9.55, p < 0.001) pad axis.
The change in NND, and hence in pore density, is stronger along the longitudinal
(0.11pmum~1!) than along the lateral pad axis (0.04 pmpm~1!), with an increasing
pore density towards the proximal end of the digital pad.

Immunohistochemical staining reveals that both dorsal and ventral glands are enshe-
athed by myoepithelial cells (Fig. 4.S1.3), visible as brown fibres containing elongated,
relatively thick nuclei. The myoepithelial cells of the dorsal glands appear thicker and
are more intensively stained than those of the ventral glands.

4.2.2 Mucus gland cryo-histochemistry

Crossmon trichrome staining in combination with Mayer’s haematoxylin and Alcian
blue (CRO; Fig. 4.3, Table 4.S1.4) reveals that the walls of the dorsal and ventral
digital mucus glands consist of single layers of columnar mucocytes. The nuclei are
located basally in the mucocytes. The apical cell portions are filled with cytoplasm
and flocculent content. Locally, mucosubstance is observed within single mucocytes.
The gland lumina are largely empty, but occasional turquoise staining of flocculent
content (by Alcian blue) confirms the presence of mucosubstances. Staining intensity
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is particularly high for the material in the ventral mucus ducts, suggesting local
concentrations of mucus.

Periodic acid-Schiff staining (PAS; Fig. 4.3) results in violet staining of the muco-
substance described above. Similar observations are made for PAS staining following
diastase treatment (PAS-D), hence excluding glycogen as sole source of positive PAS
staining. The staining intensity of the mucosubstance is pH-dependent for Alcian
blue: Whereas at pH = 1 (AB-1; Fig. 4.3) no or only faint blue staining is observed,
at pH = 2.5 (AB-2.5) the mucosubstance in the lumen and in the mucocytes stains
clearly turquoise.

All four protein stains resulted in negative or equivocal staining. Ninhydrin-Schiff
staining (NIN; Fig. 4.3) generally is very faint for the mucus glands and their content,
if compared for example to the ventral collagen layer or epidermal tissues. Also for
Coomassie blue (COO; Fig. 4.3), the mucocytes and their secretory products stain
only weakly compared to the ventral collagen and epidermal tissue. However, COO
clearly accentuates the outlines of the glands. In contrast to NIN and COO, mercuric
bromophenol blue (BRO; Fig. 4.3) causes strong, seemingly unselective staining of
epidermal, dermal, and glandular tissues (greenish-blueish staining at pH = 3.8, BRO-
3.8; blue staining at pH = 4.6, BRO-4.6). The flocculent mucosubstance stained by
PAS and AB is not stained by BRO.

Finally, lipids were observed using Oil Red O (OIO; Fig. 4.3) only in the medullary
cavity of the terminal phalanx and in a thin layer basally of the dorsal epidermis that
coincides with the distribution of cutaneous melanophores.

4.2.3 Mucus chemistry

4.2.3.1 Bulk chemistry

ATR-IR spectroscopy allows the investigation of small amounts of mucus residues
adsorbed to a silicon crystal due to a multiple bounce geometry. With a typical
probe depth of ~250nm, the signatures observed in the obtained ATR-IR-spectra
reflect the bulk composition of the mucus.

The ATR-IR spectrum collected for the ventral digital mucus in H. cinerea shows
amide I (~1640cm—1), amide IT (~1540 cm~!), and N-H stretch (~3280cm~1!) peaks
(Hopkins et al., 1991; Omoike et al., 2004) as well as a shoulder peak (~3060 cm™!) as-
signed to aromatic C-H stretch vibrations, which indicate a proteinaceous component
of the mucus (Fig. 4.4A). Further, the presence of aliphatic C-H stretch peaks (sym-
metric and asymmetric methylene and methyl stretches) in the hydrocarbon region
(2800-3000 cm 1), along with a shoulder around 3500 cm ™~ assigned to OH vibrati-
ons, indicates carbohydrates, consistent with our histochemistry results. A similar
spectral profile is observed for the ventral abdominal mucus. However, the relative
composition of the proteinaceous mucus components could vary between the two as
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Figure 4.3 Brightfield micrographs of cryo-histochemically stained mucus glands in the digital
pads of Hyla cinerea. Per staining, an overview of a whole representative transverse section
through the gland space is shown. Insets: magnified views of a dorsal (top) and a ventral (bottom)
mucus gland; black arrowheads: positive staining, white arrowheads: equivocal staining, Scale bar
= 25 pm; CRO Crossmons’s light green trichrome including Mayer’s haematoxylin and Alcian blue,
OIO Oil Red O, PAS Periodic acid-Schiff, PAS-D Periodic acid-Schiff-Diastase, AB Alcian blue
(pH = 1, pH = 2.5), NIN Ninhydrin-Schiff, COO Coomassie blue, BRO Mercuric bromophenol
blue (pH = 3.8, pH = 4.6). CH Chromatophore, CO Collagen, DE Dermis, DP Digital phalanx,
DU Mucus gland duct, ED Epidermis, MG mucus glands. OIO- and NIN-stained sections were
imaged using differential interference contrast.
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Figure 4.4 ATR-IR spectra of frog mucus. (A) Comparison of ventral digital (solid line) and
abdominal (dotted line; absorbance scaled by x3) mucus in Hyla cinerea. Vibrational peaks at-
tributed to amide, N-H stretch, aromatic C-H stretch and aliphatic C-H stretches were obtained.
(B) Comparison of abdominal mucus spectra of the arboreal frog species H. cinerea (black) and
Osteopilus septentrionalis (red; absorbance scaled by x0.1) as well as the terrestrial species Py-
zicephalus adspersus (blue; absorbance scaled by x0.5). The spectra are offset along the ordinate
axis in steps of 0.002 for clarity.

seen in the stronger N-H peak relative to hydrocarbon peak for the digital mucus
compared to abdominal mucus.

To evaluate the similarity in chemistry between digital and abdominal mucus, we
compared the peak area ratios of the amide I and amide II peaks of the ventral
digital (1.52 £ 0.40, n = 4) and abdominal (0.99 £ 0.03, n = 2) mucus in H. cinerea,
as this ratio is sensitive to the protein structure (Omoike et al., 2004). However,
no significant differences are found between the digital and abdominal median peak
area ratios of the amide I and amide II peaks in H. cinerea (Wilcoxon rank sum test,
ranksum = 7, p = 0.20) and O. septentrionalis (ranksum = 18, p = 0.13, Fig. 4.51.4),
confirming a similarity in the chemical nature of the digital and abdominal mucus in
both tree frog species.

Finally, comparison of the ATR-IR spectra of the ventral abdominal mucus across
the arboreal frog species H. cinerea and O. septentrionalis as well as the terrestrial

species P. adspersus suggests that the mucus chemistry is similar in all tested species
(Figs. 4.4B,4.51.4).

4.2.3.2 Surface chemistry

Residues of (digital or abdominal) mucus on a sapphire substrate were investigated
using SFG spectroscopy. Contrasting to ATR-IR, SFG has a probe depth of only a
few nanometers, making it a highly surface-sensitive tool for monitoring interfacially
ordered molecular groups.

In the hydrocarbon region (2750-3100cm~!), we observed methyl symmetric
(2875 cm 1), methyl Fermi (2940 cm~!), and methyl asymmetric (2955cm~!) vibra-
tions in the PPP polarization spectrum for the digital mucus of H. cinerea (Fig. 4.5;
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Figure 4.5 SFG spectra of frog mucus. (A) Comparison of ventral digital (crosses) and abdo-
minal (circles) mucus in Hyla cinerea in (1) PPP and (11) SSP polarisations. CHs vibrations
include methyl symmetric, methyl Fermi, and methyl asymmetric vibrations. (B) Comparison of
the ventral abdominal mucuses of the arboreal frog species H. cinerea (black) and Osteopilus sep-
tentrionalis (red) as well as the terrestrial species Pyzicephalus adspersus (blue) and Ceratophrys
cranwelli (magenta) in (1) PPP and (;1) SSP polarisations. The solid lines represent the fitting
curves using the Lorentzian equation (Equation 4.2). The spectra are offset along the ordinate
axis in steps of 100 (PPP) and 50 (SSP) for clarity.

Wang et al., 2002). Similar results were obtained for SSP polarization, where only
methyl symmetric and methyl Fermi vibrations were observed (Fig. 4.5). The presence
of predominantly methyl vibrations at the interface in both PPP and SSP polarization
may be associated to the presence of a well-ordered monolayer formed by long chain
fatty acids or lipids present in the mucus (Hsu et al., 2011; Zhu & Dhinojwala, 2015).
Additionally, a small peak at ~3050cm ™" assigned to the C-H stretch of aromatic
amino acids groups (Fowler et al., 2018; Kim & Somorjai, 2003; Wang et al., 2002)
indicates hydrophobic amino acid residues. The hydroxyl region (3100-3800cm™1!)
shows a broad peak around ~3550cm~! in both PPP and SSP polarizations. This
peak is caused by strong polar (typically acid-base) interactions between molecules
present in the ventral digital mucus and sapphire surface hydroxyls, causing the shift
of a typically sharp peak at ~3710cm ™! (assigned to the O-H stretch vibrations of
the sapphire free surface hydroxyl groups; Kurian et al., 2010) towards lower wave-
numbers.

Similar to the ventral digital mucus, the SFG spectra for abdominal mucus show peaks
in the hydrocarbon region and the hydroxyl region associated with lipid-like mucus
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constituents and polar interactions of the mucus (Fig. 4.5A). The interaction strength
of the abdominal mucus was compared to that of the digital mucus using the average
peak shift of the sapphire surface hydroxyl peak. The average sapphire hydroxyl peak
shifts for abdominal and digital mucus were 117+14cm™~! (n = 2) and 94+23 cm ™!
(n = 3) in PPP polarization, and 116+2cm™! (n = 2) and 109£6cm™! (n = 3)
in SSP polarization, respectively (Fig. 4.S1.5). However, no significant differences
were observed between the mucuses from two different body locations (ranksum = 7,
p = 0.40 for PPP; ranksum = 6.5, p = 0.40 for SSP), highlighting the conservation of
the mucus surface chemistry across different body parts. In O. septentrionalis, also no
significant differences were observed between the digital and abdominal mucus (rank-
sum = 14.5, p = 0.20 for PPP; ranksum = 15, p = 0.10 for SSP; Fig. 4.S1.5).

Further comparisons were made across the abdominal mucus collected from the four
different frog species (Fig. 4.5B). The spectral signatures (methyl vibrations with a
shifted sapphire hydroxyl peak) observed for O. septentrionalis, C. cranwelli, and
P. adspersus are similar to H. cinerea, indicating no or only little changes of the
mucus surface chemistry in the evolution of anurans.

4.3 Discussion

This study offers a comparative analysis of the mucus glands and their secretory
products in the digital pads of tree frogs, in order to evaluate the function(s) of gland
morphology and mucus chemistry related to the attachment of these animals. We
will first discuss the morphology of the digital mucus glands in tree frogs, before
addressing the chemistry of the secreted mucus.

4.3.1 Mucus gland morphology

In all anurans, mucus glands cover large fractions of the body surface and seem
to be the most uniform gland type (Brizzi et al., 2002). Surprisingly, the mucus
glands and their secretory products have received relatively little attention in previous
research. Our 3D analysis of the mucus glands of anurans—and of the digital glands
of tree frogs in particular—shows that the digital glands vary in shape and size,
allowing the distinction of dorsal and ventral glands based on features other than
gland location.

The morphology of the dorsal glands agrees with general descriptions for amphibian
mucus glands (Brizzi et al., 2001; Ferraro et al., 2011; Goniakowska-Witalinska &
Kubiczek, 1998; Haslam et al., 2014; Mills & Prum, 1984; Toledo & Jared, 1995).
The diameter of the dorsal digital glands measured in our study falls in the range of
values reported for mucus glands in the dorsal skin of other anurans (Table 4.1). The
dorsal pore density of ca. 190 mm™2 lies at the high end of the range of previously
measured values for various anuran families (32-128 mm~2, Blaylock et al., 1976;
60 mm~2, Engelmann, 1872; 30-50 mm 2, Skoglund & Sjoberg, 1977; 8-190 mm 2,
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Table 4.1 Comparison of mucus gland diameters in neobtrachians.

Family Diameter [pm] Reference
Hylidae 45.0 £ 5.5 This study
34.8-47.9 Barbeau & Lillywhite (2005)
42.0-94.9 Goniakowska-Witaliriska & Kubiczek (1998)
Leptodactylidae 24.0-76.8 Ferraro et al. (2011)
Ranidae 41.6-52.2 Barbeau & Lillywhite (2005)
47.0-95.0 Le Quang Trong (1971)
Rhacophoridae 46.2-63.0 Lillywhite et al. (1997)

Czopek, 1965; 55-253 mm =2, Le Quang Trong, 1971). Ecomorphological studies are
needed to investigate if variations in gland density relate to the habitat, with higher
gland densities in species living in arid areas (Le Quang Trong, 1971).

To our knowledge, the volume of the mucus glands has not been measured directly
before. Compared to earlier estimates (0.1 nL, Blaylock et al., 1976; 1nL, Seldin &
Hoshiko, 1966), we measured lower volumes for the dorsal glands (0.05nL), despite
including the mucus duct in the volume. The volumes measured in this study may
be underestimated due to potential shrinkage of the analysed pad during sample
preparation. The discrepancy between the gland volumes and densities measured
here and the ones reported in literature may be explained by our 3D-analysis, which
allows the identification and accurate quantification of all glands in a given sample.
We conclude that the dorsal digital mucus glands of H. cinerea have a similar geometry
as the mucus glands of other body parts and species, except for the distinct ventral
digital glands discussed below.

4.3.2 Digital mucus gland clusters in anurans

The morphology of the ventral digital mucus glands deviates strongly from the gene-
ral morphology of the ‘regular’ anuran mucus glands found in the dorsal dermis: The
glands are clustered in the proximal part of the subdermal pad cavity rather than
distributed across the stratum spongiosum, the gland bodies are elongated instead
of spherelike, and the ventral glands are significantly larger than the dorsal ones
(Figs. 4.5,4.51.1). This difference in size between dorsal and ventral digital glands in
H. cinerea was also observed, but not quantified, previously (Ernst, 1973b). The elon-
gated shape and the subdermal clustering of the ventral glands were both previously
described in H. cinerea (Ernst, 1973a), H. arborea (Dewitz, 1883; Leydig, 1868; Noble
& Jaeckle, 1928; Schuberg, 1891; v. Wittich, 1854), and Rana temporaria (Gaupp,
1904), although not always together in a given species. The ventral digital mucus
glands may represent a ‘modified form’ of the dorsal ones (Dewitz, 1883).

Although not explicitly described in the according references, screening the available
literature reveals the presence of digital mucus gland clustering in numerous anuran
groups other than Hyla (Table 4.S1.6). This shows that a cluster of digital mucus
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glands is not unique to H. cinerea or hylid tree frogs, but is present in at least
10 neobatrachian families, although sometimes described as rows instead of clusters
(Noble & Jaeckle, 1928; Siedlecki, 1910).

Locally clustered amphibian glands are also termed macroglands (Brizzi et al., 2001).
In amphibians, several granular macroglands have been described, which generally
are involved in defence, reproduction, and communication (Brizzi et al., 2002; Toledo
& Jared, 1995). We identified an anuran mucus macrogland—namely the subdermal
cluster of digital mucus glands—in the digital pads of tree frogs and other neoba-
trachian families. As for the already known granular macroglands (Antoniazzi et al.,
2013; Brizzi et al., 2001, 2002; Toledo & Jared, 1995), the ‘strategic’ positioning of the
digital gland cluster suggests a specific functionality. However, the digital macrogland
is not only present in arboreal species, but also in terrestrial ones (Noble & Jaeckle,
1928).

4.3.3 Functional morphology of the digital gland cluster

The presence of the ventral mucus gland cluster also in not purely arboreal species
(e.g. Acris gryllus or Rana temporaria; Table 4.S1.6) supports the hypothesis that the
morphology of the cluster is determined by generic functional requirements arising
from ‘ground contact’ (addressed below) and possibly by specific requirements for
climbing and attachment.

Repeated substrate-contact during locomotion leads to a loss of mucus from the ven-
tral pad surface to the environment. This loss presumably is enhanced by the high
wettability of the mucus, as indicated by the lipid-like substances found in our study,
which potentially act as surfactants, and by measured contact angles < 10° (Drotlef
et al., 2013). Compared to the dorsal pad side, we showed for the tree frog H. cinerea
an approximately 2.4 higher total gland volume at the ventral side. Mucus loss is
compensated by enhancing the volume of individual glands rather than by increasing
the gland number. Enlarging or multiplying ‘regular’ glands may reduce the mecha-
nical strength of the ventral cutis, which is an important mechanical link between the
adhesive pad surface and the internal skeleton (Langowski et al., 2018b). Thus, the
location of the ventral glands in the internal pad space enables a volume increase and
a 4.3 times higher volume per pad surface area, compared to the dorsal pad surface,
helping to avoid desiccation of the ventral pad surface. After secretion, mucus may
be stored in the hierarchical network of micro- to nanoscopic channels formed bet-
ween the ventral epidermal surface cells (Persson, 2007). Such mucus storage may
be especially important to reduce the metabolic costs of mucus production as frogs
cannot suck mucus back into the ducts (Engelmann, 1872).

A sufficient mucus volume is also important for attachment. Capillary adhesion re-
lies on the formation of a liquid bridge between digital pad and substrate, and the
question remains if tree frogs possess enough mucus to form this bridge themselves,
or if an accumulation of environmental water is necessary (Green & Carson, 1988).
The minimal volume of the liquid bridge can be approximated with a geometrical
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model of the pad-substrate gap (Langowski et al., 2018a). For a circular ventral pad
surface of 1.1 mm? (measured in this study) and a median pad-substrate gap width of
6nm (Federle et al., 2006), the model predicts a volume of the liquid bridge of 2.3 nL.
For the axisymmetric volume of the free meniscus, we estimate a volume of the same
order of magnitude. With a total ventral gland volume of around 38 nL, tree frogs
seem to be well able to create capillary adhesion using only secreted mucus.

The volume enhancement by larger and longer, but fewer ventral glands may be
explained by hydrodynamic considerations. The mucus flow through the glandular
ducts during secretion can be approximated as steady pipe flow, described by the
Hagen-Poiseuille equation:

~ 2md*Ap

o
pL

(4.1)

where @ is the volumetric flow rate (i.e. volume flux) generated by a pressure difference
Ap driving a liquid with a dynamic viscosity p through a circular pipe with length L
and diameter d. While moving the glands into the inner pad space inevitably increases
L and reduces the volume flux, the enlargement of the ventral glands (and hence of
d) has an opposite, stronger, effect. The same mucus flux as in the dorsal glands
may be obtained in the ca. 20-fold longer ventral glands with a duct diameter that is
approximately doubled.

Further potential adaptations to counteract a reduction in volume flux with increasing
duct length include changes to the mucus chemistry (i.e. the viscosity u) or to the
pressure drop between glandular lumen and pad surface (see Equation 4.1). For
L. caerulea, a mucus viscosity of 1.43 mPas has been measured (Federle et al., 2006),
which is similar to the viscosity of water at room temperature and arguably almost as
low as possible in an animal, potentially resulting in a low work needed for secretion.
Additionally, capillary action in the micro- to nanoscopic channels on the pad surface
could increase Ap (Persson, 2007), hence supporting mucus secretion through the
ventral ducts.

The glandular secretion mechanism plays a major role in generating the pressure diffe-
rence driving mucus flow. Generally, amphibian mucus glands secrete their content by
sympathetic autonomic innervation of the myoepithelial cells—sometimes also refer-
red to as smooth muscle fibres (Bovbjerg, 1963; Wanninger et al., 2018)—surrounding
the glands (Holmgren & Olsson, 2011), leading to continuous (Brizzi et al., 2002) and
synchronous (Lillywhite, 1971; Lillywhite & Licht, 1975) mucus secretion. In the clo-
sed pad-substrate gap, continuous secretion is not needed, and may even contribute
to the loss of mucus. Moreover, the long ventral gland ducts cause a higher viscous
resistance against secretion. Accordingly, it may be expected that the secretory me-
chanism differs between the ventral and dorsal glands. Contraction of the glandular
muscle fibres previously was assumed to be the primary driver of digital mucus secre-
tion (Ernst, 1973a). However, our study does not show a stronger myoepithelial sup-
port of the ventral glands (i.e. an increased number or thickness of the myoepithelial
cells covering the ventral glands compared to the dorsal ones; Fig. 4.51.3), disagreeing
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with the hypothesis of the glandular muscle fibres driving secretion. An analysis of
the arrangement of the myoepithelial structures surrounding the ventral digital mucus
glands—as performed for the salamander Tylototriton verrucosus (Wanninger et al.,
2018)—may illuminate their biomechanical relevance.

A secretory mechanism independent of myoepithelial action may be found in the
internal clustering of the ventral glands below the distal phalanx. Flexion of the
distal phalanx by contraction of the flexor muscles (Manzano et al., 2007) would help
to build up pressure within the glands, effectively enhancing Ap. Such secretion by
compressive action of the distal phalanx might also be faster than measured for regular
mucus glands (Skoglund & Sjoberg, 1977; Tyler et al., 1992), enabling a faster control
of the amount of mucus at the pad-substrate interface. Moreover, the location of the
glands in the internal pad space helps to circumvent unintentional mucus secretion
by mechanical loading of the ventral pad cutis during locomotion.

Finally, a generic, non-adhesive function of the ventral digital glands (and their secre-
tions) is also indicated by the spatial distribution of the mucus pores. We showed that
the pores are distributed across the whole ventral pad surface, in contrast to earlier
observations of the ducts only ending in the cuticular groove around the digital pad
(Leydig, 1868).

However, the density of the pores, inversely approximated by their nearest-neighbour-
distance, increases by 40% from the distal to the proximal side of the pad surface
(Fig. 4.2). This suggests more mucus being present proximally than distally, which
is also shown by the quadratic increase in cumulative gland volume from distal to
proximal (Fig. 4.51.2). This concentration of mucus pores near the proximal pad edge
quantitatively supports the hypothesised function of amphibian mucus as lubricant
(Barrett, 1971; Toledo & Jared, 1993). During attachment, tree frogs regularly pull
the digital pads towards the body, resulting in proximally directed sliding (Hanna
& Barnes, 1991; Schuberg, 1891) across the mucus secreted by the proximal mucus
glands, which presumably distributes the mucus over the ventral pad surface.

Strategic gland positioning is also observed in the dorsal mucus glands, which are less
dense above the distal phalanx than next to it. As described for H. cinerea (Langowski
et al., 2018b), H. arborea (Schuberg, 1891), and Rhacophorus reinwardtii (Siedlecki,
1910), the distal phalanx can bulge out the dorsal cutis during locomotion. Such
movements arguably result in deformations of the dorsal cutis and the glands therein,
potentially causing unfavourable mucus loss. The reduced gland density above the
distal phalanx helps to reduce or even avoid such mucus loss.

4.3.4 Mucus chemistry

We used histochemical and spectroscopic methods in our chemical analysis of the
digital mucus in tree frogs, which is needed to understand its role in attachment (Els
& Henneberg, 1990).
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4.3.4.1 The chemical composition of tree frog mucus

Overall, neither the histochemical nor the spectroscopic (IR and SFG) analyses re-
veal major variations in the types of molecules (i.e. mucosubstances, proteins, and
lipids) and in the spectroscopic characteristics of these molecules present in frog mu-
cus as a function of location on the body (ventral digital, dorsal digital, or ventral
abdominal) or lifestyle (arboreal or terrestrial). Whereas variations on an intramo-
lecular level, such as the presence of specific functional groups, may have not been
picked up by histochemistry, spectroscopic analyses do not produce evidence for such
variations.

The histochemical examination of the digital mucus of H. cinerea reveals carbohydrate
components such as neutral polysaccharides, glycoproteins, and -lipids (indicated by
Periodic acid-Schiff), as well as acidic (i.e. carboxylated) but no sulfated mucopo-
lysaccharides (indicated by Alcian blue). These results agree with the majority of
histochemical analyses of anuran mucus glands (Table 4.S1.5), including the digital
glands of hylids (Barnes et al., 2011; Ernst, 1973b). Acid mucopolysaccharides have
been indicated in H. cinerea also by positive staining with toluidine blue (Ernst,
1973b). The flocculent nature of the mucosubstances has been described previously
(Fontana et al., 2006; Mills & Prum, 1984), confirming that the mucus was not washed
out prior to or during the staining.

All protein-specific stainings generated negative results. Mercuric bromophenol blue
has been used repeatedly as ‘general protein stain’ (Antoniazzi et al., 2013; Dapson,
1969; Table 4.S1.5), but its specificity is not fully resolved (Hornatowska, 2005; Kan-
war, 1960). The weaker staining by BRO of the glands compared to other tissues
can be interpreted as a negative result (Antoniazzi et al., 2013). Arguably, a sin-
gle protein staining would not be conclusive, but—as pointed out by Thomas et al.
(1993)—the combination of negative results from three different tests is evidence for
the absence of proteins in the digital mucus of tree frogs (or concentrations too low
to be detected by histochemistry). Negative staining of non-digital anuran mucus
glands with Ninhydrin-Schiff, Coomassie blue, and Bromophenol blue was also found
in other studies using various fixation treatments (Table 4.S1.5). In contrast, the
signatures observed in the ATR-IR spectra indicate a protein-like constituent of both
digital and abdominal mucus. The proteins could be present by themselves (in small
quantities) or as part of the histochemically identified glycoproteins. Also in the SFG
spectra of both digital and abdominal mucus, the strongly ordered methyl peaks (in
both PPP and SSP polarizations) may be explained by the presence of molecules con-
taining hydrophobic amino acids with their side chain methyl groups ordered at the
air interface. The absence of a N-H peak (typically at 3300 cm~!; Chen et al., 2005)
could be due to a disordered protein backbone. Interestingly, indications of methyl
and methylene groups as found in the amino acid side chains in mucosubstances were
also observed in the SFG spectrum of the tongue mucus of Ceratophrys spec. (Fowler
et al., 2018). A future analysis of IR spectra below 1500 cm ™! and of SFG spectra in
the amide I/IT region would allow a direct comparison between the two spectrosco-
pic methods and hence an investigation of the proteinaceous components of tree frog
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mucus (e.g. the confirmation of glycoproteins), which was not possible here due to
technical limitations of our setups.

We did not detect lipids or lipoproteins in the mucus using Oil Red O (OIO) staining.
Importantly, we found lipids inside the medullary cavity and in a thin subepidermal
layer, which has both been observed previously (Amey & Grigg, 1995; Tanaka, 1976),
confirming proper functioning of our OIO protocol. In contrast to histochemistry,
the strongly ordered methyl peaks in the SFG spectra for the digital and abdominal
mucus could reflect the presence of a well-ordered self-assembled monolayer formed by
long chain fatty-acid-like molecules (or lipids). These opposed findings may be due to
low concentrations of lipids present in the mucus along with a difference in sensitivity
between the used histochemical and spectroscopic techniques. Literature reports on
lipids in frog mucus are inconclusive. The absence of lipids has been confirmed by
various stains for other hylids (Barbeau & Lillywhite, 2005; Centeno et al., 2015;
Goniakowska-Witalinska & Kubiczek, 1998), bufonids (Regueira et al., 2016), and
pipids (Thomas et al., 1993; Table 4.S1.5). Using other chemoanalytical methods,
however, several authors reported lipids in frog mucus (Centeno et al., 2015; Crawford,
2016; Dewitz, 1883; Schuberg, 1891). Many of these lipids are commonly found in
plants (Centeno et al., 2015), possibly hinting towards sample contamination. In our
study, the similarity of the ATR-IR and SFG spectra between the tested arboreal
(kept without plants) and terrestrial (kept with plants) species suggests that such
contamination did not occur. In conclusion, the presence of lipids in digital tree frog
mucus is still uncertain.

Variations in staining intensity of the digital glands may be explained by a number
of factors. Intraglandular staining variation has been described in H. cinerea (Ernst,
1973b) and Rana fuscigula (Els & Henneberg, 1990), with individual mucocytes re-
acting differently to PAS and AB staining. Such differences may be explained by
different biosynthetical stages of single mucocytes (Els & Henneberg, 1990; Ferraro
et al., 2011; Mills & Prum, 1984). Overall, tree frog mucus has to be considered a
heterogeneous substance that originates from mucocytes and glands of varying bio-
synthetical stages (Els & Henneberg, 1990; Ferraro et al., 2011), epidermal transudate
secretion (Campbell et al., 1967; Haslam et al., 2014), and environmental liquids (Has-
lam et al., 2014). The good agreement of our findings on samples of H. cinerea that
were not fixed directly after the death of the animals with literature results on im-
mediately fixed samples (Table 4.S1.5) suggests that post mortem changes in mucus
chemistry were insignificant.

Overall, our results indicate that the mucus chemistry has been largely conserved in
frogs. This suggests that the digital mucus of tree frogs (a) fulfills generic functions of
amphibian mucus, and (b) possibly got incorporated into the attachment apparatus
without extensive modifications of its chemistry. Detailed analyses of the mucus
molecules using mass-spectrometry, of the concentration of these molecules, and of
the physical mucus properties affected by the presence of these molecules (e.g. viscosity
and surface tension) are required to advance the understanding of the functionality
of frog mucus and the mucus of tree frogs in particular.
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4.3.4.2 Functional chemistry of digital tree frog mucus

The chemical similarity of the dorsal and ventral digital mucus in tree frogs suggests
that the mucus at the contact interface fulfills the same functions as regular amphibian
mucus. These functions comprise, most importantly, cutaneous respiration, homeo-
stasis, water regulation, defence, and lubrication (Brizzi et al., 2001; Clarke, 1997;
Haslam et al., 2014; Probst et al., 1992; Toledo & Jared, 1993).

Proteoglycans such as the mucopolysaccharides detected here by PAS- and AB-
staining are affine to water (Barrett, 1971), enabling the formation of a mucus layer
lubricating the skin (Barrett, 1971; Toledo & Jared, 1993). The resulting reduced skin
friction makes it more difficult for predators to grip the frog (Toledo & Jared, 1993),
and reduces abrasive wear and damage of the soft skin (Clarke, 1997), as indicated by
the proximal concentration of mucus on the ventral pad surface found in our study.
Similarly, in the burrowing caecilian Siphonops annulatus mucus glands are concentra-
ted anteriorly (Jared et al., 2018). In the digital pads of tree frogs, however, a reduced
friction would be detrimental as the push-off force parallel to the substrate—for ex-
ample during jumping—would be lowered, too. Here, the epidermal micropatterns
found on the pad surface may help to drain excess liquid, hence increasing friction
(Gupta & Fréchette, 2012; Langowski et al., 2018a; Persson, 2007).

The presence of large molecules, such as the polysaccharides and glycoproteins de-
tected here, suggests an increased viscosity of the mucus compared to pure water
(Barrett, 1971; Toledo & Jared, 1993), which affects the generation of hydrodynamic
adhesive forces. These forces scale with the concentration of mucosubstances in water
(Hanna & Barnes, 1991), assuming a constant distance between pad and substrate.
Although not believed to play an important role in tree frog attachment (Langowski
et al., 2018a), a quantification of the mucus viscosity is required for an investigation
of its role in the generation of hydrodynamic attachment forces. Dilution of the mu-
cus by environmental water (e.g. rain), and non-Newtonian liquid behaviour due to
the presence of mucosubstances—potentially as a function of concentration of these
substances—should be considered in such analyses. Frogs may modulate the concen-
tration of mucosubstances to control the relative contribution of hydrodynamic and
capillary adhesion (as shown in a technical system; Barnes et al., 2006), depending
on the circumstances.

The mucus chemistry also plays a role in the proposed capillary adhesion of tree
frogs. Generally, capillary adhesive forces scale with the surface tension of the liquid
forming the meniscus, and with the area covered by the liquid bridge (Butt & Kappl,
2009). Our ATR-IR and SFG results indicate the presence of amphiphilic lipid-like
molecules. Similar to surfactants, such molecules help in reducing the effective surface
tension and enhance the wetting of a liquid. The presence of surfactants in tree frog
mucus is also indicated by the low contact angles of tree frog mucus measured on
hydrophilic and hydrophobic substrates (Drotlef et al., 2013). Similar to the balance
between spreading and viscous resistance observed in spider glue (Amarpuri et al.,
2015), a trade-off between contact area enhancement and surface tension reduction as
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a function of surfactant concentration may be present. In a technical adhesive system
(Li et al., 2018b), the concentration of surfactants in a capillary bridge determines the
stability of the bridge, and as a result the amount of adhesive forces. Analogously,
tree frogs could control their attachment strength by varying the concentration of
lipids in the mucus. The loss of van der Waals forces (vdW) due to a too high
surfactant concentration (Li et al., 2018b) may also explain the complete failure in
attachment of tree frogs when adding soap or detergent into the pad-substrate gap
(Green, 1981).

The evolution of anurans may have led to a mucus composition that exploits the
aforementioned trade-offs while minimising the metabolic costs of the production
of the required mucus components. To further explore these trade-offs, dynamic
measurements of the mucus composition and of the generated attachment forces are
required. Several other effects may be considered in future research. The ability
of the mucopolysaccharides detected in our study to bind water may allow for the
formation of large mucopolysaccharide-water-complexes. If present in the intercellular
channels on the ventral pad epidermis, such complexes may help to avoid clustering
of the epidermal cells, hence supporting the geometrical integrity of the epidermal
surface pattern for attachment. Also, the glycoproteins detected by PAS may act as
adhesive binding agents, as indicated by the hydroxyl peak shift in the SFG spectra
and observed in the aggregate glue of orb web spiders (Singla et al., 2018) and in
numerous other bioadhesive systems (Hennebert et al., 2018). A layer of glycoproteins
adhering to the substrate or the pad epidermis may help to remove water from the pad-
substrate gap, thus reducing the gap width and enabling dry contact for the generation
of vdW forces. A more elaborate analysis of the protein content of tree frog mucus, as
outlined by Hennebert et al. (2018), may help to understand the role of these molecules
in attachment. The interaction of glycoproteins with other compounds should be
studied, as such interactions affect the functioning of glycoproteins in attachment
(Sahni et al., 2014; Singla et al., 2018).

4.4 Conclusions

Despite a variety of functions related to physiological processes and to attachment,
anuran mucus glands and their secretions have received relatively little attention. To
our knowledge, we present here the first 3D, quantitative assessment of anuran mu-
cus glands in the adhesive digital pads of the tree frog H. cinerea. We show that
the ventral digital mucus glands form a digital gland cluster, or macrogland, with
a 2.4-fold larger volume of available mucus compared to the ‘regular’ dorsal glands,
which presumably helps to compensate mucus loss while reducing unintentional mu-
cus secretion and structural weakening of the adhesive epidermis. The gland cluster
is also present in non-climbing frog families and hence may represent a previously
unrecognised adaptation of amphibians to a terrestrial lifestyle. Using histochemi-
cal and spectroscopic methods, we found indications of carbohydrates, proteinaceous,
and lipid-like substances in frog mucus, and show that frog mucus varies only little
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between different body locations (digital vs. abdominal) and as a function of lifestyle
(arboreal vs. terrestrial). This result indicates a conservation of the cutaneous mu-
cus chemistry in the evolution of anurans. Our functional and comparative analysis
of the digital macrogland morphology and mucus chemistry contributes to a better
understanding of the bioadhesion of these animals, and of anuran evolution. As the
ventral digital mucus and cutis are the primary barrier against environmental patho-
gens, further studies on these components may also help to understand the current
global decrease in amphibian populations due to the fungus Batrachochytrium den-
drobatidis (Fisher et al., 2009). Finally, highlighting analogies between the glandular
systems of tree frogs and of other attachment systems in nature (e.g. in insects),
and placing these analogies in a functional context, will advance the general under-
standing of bioadhesion and may stimulate novel trends in the design of bioinspired
adhesives.

4.5 Methods

45.1 Experimental animals

For histochemical and morphological analyses, we used three adult Hyla cinerea that
died of unknown causes (post mortem snout-vent-length ¢y = 40-46 mm, body mass
m = 6.2-8.2 g, age < 1 year). For a description of the housing conditions, see Langow-
ski et al. (2018b). We collected the distal limbs before 5:30 h after death by disarti-
culation of the elbow and knee joints. Until further use, the right hindlimb of each
individual was quick-frozen in liquid nitrogen and subsequently stored at —80°C. All
following steps were executed at —20 °C, unless mentioned otherwise. For p-CT, we
chemically fixated and stored one digit of the left hindlimb as described elsewhere
(Langowski et al., 2018b).

For comparative spectroscopic analyses of the mucus chemistry, two adult H. cinerea
(lsy = 40-44 mm, m = 2.1-4.2 g) and four adult O. septentrionalis (fsy = 69-85 mm,
m = 14.7-28.1 g) were acquired from commercial vendors and housed individually in
plastic containers with water ad libitum and biweekly feedings of gut-loaded cockroa-
ches. Three juvenile individuals each of C. cranwelli (fsy = 32-45 mm, m = 4.7-9.7 g)
and P. adspersus ({sy = 32-37mm, m = 2.1-3.9¢g) were acquired as part of an un-
related study and mucus samples were taken before euthanasia; both species are
terrestrial ambush predators.

4.5.2 3D reconstruction of the digital gland morphology
We analysed the morphology of the digital glands in H. cinerea in 3D using p-CT.

The digit used for p-CT was contrast-stained, scanned, and segmented as described by
Langowski et al. (2018b). We segmented all glands opening to the ventral pad surface
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(termed ventral glands) and—to reduce the efforts of manual segmentation—the left
half of the glands opening to the dorsal pad surface (termed dorsal glands).

We quantified the morphology of the individual glands using a custom-made MAT-
LAB routine (Version R2016b, The Mathworks, USA). Voxel size was set to 1.3-1.3 -
1.3 pm? (original p-CT voxel size: 0.65 - 0.65 - 0.65 pm?) to reduce the computational
effort. Individual volumes of dorsal and ventral glands were computed by summing up
the segmented voxels. Using MATLAB, the dorsal (Vi.) and ventral (V) gland vo-
lumes were tested for normal distribution using an one-sample Kolmogorov-Smirnov
test, and for a difference of the means of the two groups using a two-sample t-test.
We used for all statistical analyses a significance level o = 5%. Further, each ven-
tral gland was skeletonised using an accurate fast marching algorithm to extract the
length of the gland centerline I. The distal end of the centerline was used as the
spatial coordinate of the mucus pore. The location of the dorsal pores was set as the
most dorsal segmented voxel of each gland. Pore density was approximated by the
nearest-neighbour-distance (NND) between the pores. To test for spatial patterns
in the distribution of the mucus pores, we performed with MATLAB a multiple li-
near regression of NND as a function of the lateral and longitudinal pore coordinates
(z and y), using t-tests to identify significant deviations of the fitted slopes from 0.
The dorsal and ventral pad surface area was determined by Delaunay triangulation
of the respective pore vertices, and by taking the sum of the resulting triangular
areas.

4.5.3 General chemistry of glandular mucus

We applied various cryo-histochemical stains to investigate which classes of molecu-
les are present in tree frog mucus. The staining of the mucus still present in the
glands helps to reduce contamination with, for example, environmental substances,
mucus from other body parts, or non-mucus related molecules such as cuticular pro-
teins or lipids. Before histological staining, the two most distal segments of digits of
the hindlimb of H. cinerea were cut from the frozen limb through the central part
of the middle phalanx. The frozen samples were mounted on specimen discs using
KP-CryoCompound (Klinipath, The Netherlands), cut perpendicularly to the longitu-
dinal digital axis (i.e. transverse) into 7 pm thick sections (10 pm for Ninhydrin-Schiff
staining) using a CM3050S cryostat (Leica Microsystems B.V, The Netherlands), and
placed on object slides (Menzel, Germany).

As general overview stain, we applied Crossmon’s light green trichrome stain (CRO)
in combination with Mayer’s haematoxylin and Alcian blue as described by Langow-
ski et al. (2018b). We used Periodic acid-Schiff stain (PAS) according to Romeis
(Mulisch & Welsch, 2010; Romeis, 1968) to detect neutral polysaccharides, mucopo-
lysaccharides, glycoproteins, and -lipids containing 1,2-glycols (or their amino- and
alkylamino-derivatives; Kiernan, 2015). A diastase treatment prior to PAS-staining
(PAS-D) was applied to exclude the presence of glycogen (Mulisch & Welsch, 2010;
Romeis, 1968). To detect acid mucopolysaccharides such as sialin and uronic acids
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and some glycoproteins, we used Alcian blue (Mulisch & Welsch, 2010); to distinguish
between highly acidic (i.e. sulfated) and acidic (i.e. carboxylated) mucopolysacchar-
ides, Alcian blue was applied at pH = 1 (AB-1) and at pH = 2.5 (AB-2.5), respectively
(Lev & Spicer, 1964; Luna, 1968; Mulisch & Welsch, 2010). As general protein stains
(Brizzi et al., 2002; Dapson, 1969; Prates et al., 2012; Thomas et al., 1993), we used
Ninhydrin-Schiff (NIN), which stains c-amino-acids by binding with their free NHy
groups (Bancroft & Stevens, 1996; Bottom et al., 1978; Rappay, 1963), Coomassie
blue R250 (COO, Kiernan, 2015), which stains proteins by a combination of hydrop-
hobic interactions and heteropolar bonding with basic amino acids (Congdon et al.,
1993; Georgiou et al., 2008; Kiernan, 2015), and Mercuric bromophenol blue (Horna-
towska, 2005), which has been reported to react with acidic, sulphydryl, and aromatic
protein residues (Subramoniam, 1982). The pH-sensitive bromophenol blue was used
at pH = 3.8 (BRO-3.8) and at pH = 4.6 (BRO-4.6). Hydrophobic lipids (and li-
poproteins; Guigui & Beaudoin, 2007) were stained with Oil Red O (OIO; Lillie &
Ashburn, 1943). By using cryo-samples and lyophobic solvents, we reduced the risk
of washing out of lipid-like mucosubstances (Barrett, 1971; Els & Henneberg, 1990).
Finally, Bouin-fixated sections of digits from the left hindlimb and the right fore-
limb were stained immunohistochemically as by Langowski et al. (2018b) to test for
differences in the amount of smooth muscle a-actin—present in muscular and myoepi-
thelial structures—in between dorsal and ventral mucus glands. For detailed staining
protocols, we refer to Section 4.S1.3.2.

Images of the stained sections were obtained using a digital microscope camera
(DFC450c, Leica, Germany) mounted on an upright microscope (DM6b, Leica) with
a HC PL APO 40x/0.85 objective controlled with the Leica Application Suite X
(Version 2.0). High-resolution images of whole sections were obtained by merging tile-
scanned images. For relatively faint stains (NIN and OIO), differential interference
contrast was used to show the internal pad structures. Post-processing (cropping, ro-
tating, scaling, white balancing, and arranging) of the images was done in Photoshop
CC (Version 2017.1.1, Adobe Systems, USA) and in Illustrator CS6 (Version 16.0.3,
Adobe).

4.5.4 Bulk chemistry of secreted mucus

Infrared spectra were acquired using an iS50 Fourier Transform Infrared spectroscopy
(IR) system equipped with a mercury-cadmium-tellerium (MCT) detector (Ther-
mofisher, USA). A horizontal attenuated total internal reflection accessory (PIKE
Technologies, USA) was used to collect multibounce (10 bounces) attenuated total
reflection infrared spectra (ATR-IR) from a pristine silicon crystal. The crystal sur-
face was cleaned by soaking in hot Piranha solution (7:3 HySO4 and HyO5) for 1h
followed by sonication in ultrapure water (Millipore filtration system, 18.2 MQ-cm
with pH = 6-7) for 1h. Prior to cleaning, a 5wt.% solution of hydrofluoric acid in
deionized water was used to remove the native silicon oxide (SiO3) layer. A spectrum
from the pristine crystal was used as background for the ATR-IR measurements. To
obtain a spectrum, we averaged 100 interferograms with a 4cm~! step scan. ATR-IR
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spectra of the frog mucus were obtained by gently rubbing a clean Si crystal on the
according part of the frog’s body (i.e. digital pad or abdomen) to deposit the ventral
mucus on the crystal. Prior to mucus collection, the respective body part was rinsed
with tap water, followed by rinsing with ultrapure water, and gently dried with a
kimwipe to avoid potential contamination of the mucus from other body portions or
the environment. The mucus deposit on the Si crystal surface was dried overnight
in vacuum to ensure the evaporation of bound water. ATR-IR scans were then col-
lected as described above. Calculation and analysis of peak areas were done with
Igor Pro (Vers. 6.37, Wavemetrics, USA) with the Multipeak fitting analysis package
(Vers. 2, Wavemetrics). At least 3 repeats from different individuals were done per
species for both the digital and abdominal mucus for H. cinerea (2 individuals) and
0. septentrionalis (3 individuals). One repeat was done for P. adspersus (1 indi-
vidual), as the animal was euthanized for another experiment shortly after mucus
sampling. Comparisons were made between the digital and abdominal mucus spectra
for both H. cinerea and O. septentrionalis. A Wilcoxon rank sum test was performed
in MATLAB to detect significant differences in the medians of the amide I/II ratios
between the two species. Further comparisons were made between the IR spectra of
the abdominal mucus from the three studied frog species.

4.5.5 Surface chemistry of secreted mucus

SFG spectra were collected using a ps Spectra Physics laser system, details of which
are provided elsewhere (Anim-Danso et al., 2013; Hsu et al., 2011). Briefly, it invol-
ves the overlap of a fixed 800 nm visible laser beam with a tunable infrared beam
(2000-3800 cm~1). SFG being an interface-sensitive technique, provides information
about molecular stretching vibrations at the interface, where there is a breakdown
in inversion symmetry. Equilateral sapphire prisms (15cm-15cm-15 cm-10 cm, c-axis
+2° parallel to the prism face, Meller Optics Inc.) were used as substrates for the
experiment. The sapphire prisms were first baked for 2h at 760 °C followed by so-
nication with a series of different organic solvents (toluene, chloroform, acetone, and
ethanol) for 45min each. The sapphire prisms were then sonicated with ultrapure
water (18.2MQ-cm) for about 1h, blow dried with Ny, and finally plasma sterilized
(Harrick Plasma, PDC-32G) for 5min to remove remaining hydrocarbon residues.
The stainless-steel sample holder was cleaned using the same method as used for
the sapphire prisms with exception of the baking step. Blank scans were collected
for the clean sapphire prisms using a total internal reflection geometry to ensure a
clean sapphire surface and to locate the position of the sapphire free hydroxyl peak.
After cleaning the frog’s body surface as described for ATIR-IR, ventral mucus was
deposited by rubbing the digital pad or abdomen on the sapphire surface. At least
3 repeats (from different individuals) were done for both the digital and abdominal
mucus for H. cinerea (2 individuals) and O. septentrionalis (3 individuals). One and
two repeats were done for P. adspersus (1 individual) and C. cranwelli (2 indivi-
duals), respectively. The SFG spectra were collected using PPP (P-polarized SFG,
P-polarized visible, P-polarized infrared) and SSP (S-polarized SFG, S-polarized vi-
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sible, P-polarized infrared) polarizations, where S and P relate to the direction of the
electric field with respect to the incident plane. We used the Lorentzian equation to
fit the measured SFG spectra:

Aq 2

_ 4.2
WIR — Wq T qu ( )

Ispc o< |xNr + Y .
where xng describes the non-resonant contribution that does not change with scan-
ning wavenumber wir. Aq, I'q, and wq are the amplitude strength, damping constant,

and resonant frequency of the gth vibrational resonance, respectively.
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4.Sl  Supporting information

4.S1.1 Symbols and abbreviations

4SI1.1.1 List of symbols

Table 4.SI.1 List of Roman (top) and Greek (bottom) symbols in alphabetical order. a.u.
arbitrary unit.

Symbol Unit Description
Aq a.u. Amplitude strength of the gth vibrational resonance
d m Ventral duct diameter / Pipe diameter
dq, dv m Dorsal and ventral gland diameter
l m Ventral gland length / length of the gland centerline
L m Pipe length
lsv m Snout-vent-length
m kg Body mass
n - Number of glands/data points
NND m Nearest-neighbour-distance
P - p-value
t - t-statistic
Vag, Vo L Dorsal and ventral gland volume
g g g
Va, W L Total dorsal and ventral gland volume
a - Significance level
Iy cm ™!t Damping constant of the gth vibrational resonance
Ap - Pressure difference
o kgm~1!s™!  Dynamic fluid viscosity
Pd, Pv m~2 Dorsal and ventral gland density
PAV, PvV Lm~—2 Dorsal and ventral gland volume density
XNR a.u. Non-resonant susceptibility
P m3s~1 Volumetric flow rate, volume flux
WIR cm ™!t Scanning wavenumber
wq cm ! Resonant frequency of the gth vibrational resonance
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4.S1.1.2 List of abbreviations

Table 4.S1.2 List of abbreviations.

Abbreviation Description

AB Alcian blue

AICc Akaike information criterion for low sample sizes

ATR-IR Attenuated total reflectance-infrared spectroscopy

BRO Mercuric bromophenol blue

CH Chromatophore

CO Collagen

COO Coomassie blue

CRO Crossmon’s trichrome stain in combination with Mayer’s haematoxylin and
Alcian blue

DE Dermis

DP Digital phalanx

DU Mucus gland duct

ED Epidermis

MG Mucus gland

p-CT Synchrotron micro-computer-tomography

NIN Ninhydrin-Schiff staining

OIO Oil red O

PAS Periodic acid-Schiff staining

PAS-D Periodic acid-Schiff staining with subsequent diastase treatment

pPPP P-polarized SFG, P-polarized visible, P-polarized infrared

SFG Sum frequency generation spectroscopy

SMA Smooth muscle a-actin-antibody

SSP S-polarized SFG, S-polarized visible, P-polarized infrared

vdW Van der Waals

WUR Wageningen University & Research

4.S1.2 Nomenclature of mucosubstances

Throughout the manuscript, we follow in the description of the various secretory
products of amphibian mucus glands largely the nomenclature proposed by Kiernan

(2015):

e Mucus The entire secretory product.

e Mucosubstance Polymeric sugar-protein-complexes.

o Polysaccharides (also: carbohydrates) Pure oligo- or polysacharides (e.g. gly-

cogen).

o Proteoglycans (also: heteroglycans) Heavily glycosilated proteins with long
(hetero-)polysaccharide side-chains (e.g. mucopolysaccharides and acid muco-

polysaccharides).

e Mucopolysaccharides (also: glycosaminoglycans, heteropolyaminosacchari-
des, or polyanionic glycoproteins) Proteoglycan side chains of polymeric disac-

128



Supporting information

charides (e.g. Sialogycans). Acid mucopolysaccharides are also termed glycosa-
minoglucuronoglycans.

o Glycoproteins (also: mucins, i.e. glycoproteins with high sugar content) Pro-
teins bearing covalently bound oligosaccharide chains (2 — 12 monosaccharide
units).

4.S1.3 Materials
4.51.3.1 Schematics of comparative approach

Table 4.S1.3 Comparative investigation of the ventral (ven.) and dorsal (dor.) mucus glands
and secretions in arboreal (A, ‘tree frogs’) and terrestrial (T) frogs.

Technique Comparison Species
Synchrotron p-CT ven. vs. dor. digital glands Hyla cinerea (A)
Cryo-histochemistry ~ ven. vs. dor. digital glands/mucus H. cinerea (A)
ATR-IR & SFG ven. digital vs. ven. abdominal mucus  H. cinerea (A), Osteopilus
septentrionalis (A)
ven. abdominal mucuses H. cinerea (A),

O. septentrionalis (A),
Ceratophrys cranwelli (T),
Pyzicephalus adspersus (T)

4.51.3.2 Histochemistry procedures

Prior to all histochemical stainings, the cryo-sections were allowed to warm up to
room temperature before fixing with 4% formalin.

Crossmon-Alcian blue (CRO) The Crossmon-Alcian blue stain was performed as des-
cribed by Romeis (1968):

Solutions:
Acetic acid (3%)

Acetic acid, glacial Merck, Germany 3 mL
Distilled water 97 mL

Alcian blue (pH 2.5)

Acetic acid, glacial 3 mL

Distilled water 97 mL

Alcian Blue GS Fluka AG, Buchs SG, lg
Switzerland
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Mayer’s Haematoxylin
Haematoxylin

Distilled water
Sodium iodate
Potassium Alum
Chloral hydrate

Citric acid
Filtrate before use

Fuchsin/Orange G
Acid fuchsin

Orange G

Acetic acid, glacial
Distilled water
Thymol

Phosphotungstic acid (5%)
Phosphotungstic acid
Distilled water

Light green (1%)
Light green SF

Acetic acid, glacial
Distilled water

VWR, The
Netherlands

Merck, Germany
Merck, Germany
VWR, The
Netherlands
Sigma, USA

Merck, Germany
Merck, Germany

Merck, Germany

Merck, Germany

Chroma-Gesellschaft
Schmid GmbH & Co,
Germany
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02g
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1000 mL
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Protocol:
1) Fixation with formalin
2) Rinsing in distilled water
3) Acetic acid (3%)
4) Alcian blue (pH 2.5)
5) Rinsing in acetic acid (3%)
6) Rinsing in distilled water
7) Mayer’s Haematoxylin
8) Rinsing in running tap water
9) Fuchsin/Orange G
10)  Rinsing in distilled water
11)  Phosphotungstic acid (5%)
12)  Rinsing in distilled water
13)  Light green (1%)
14)  Rinsing in distilled water
15)  Dehydration (100% ethanol)
16) Clearing with Xylene
17)  Mounting with DPX

VWR, The Netherlands

BDH Laboratory Supplies, UK

10 min

2 -1 min
3 min

30 min
20 s

2 - 2 min
7 min

10 min
15s

2 min

2 min

2 min

2 min

2 -1 min
4 - 2 min
3+ 2 min

Periodic acid-Schiff (PAS, PAS-D) The Periodic acid-Schiff stain was performed as

described by Romeis (Mulisch & Welsch, 2010; Romeis, 1968):

Solutions:

Periodic acid (0.5%)
Periodic acid
Distilled water

K2S205 (10%)
K2S205
Distilled water

HCI (1N)
HCI (37%)
Distilled water

SOs-water
K2S205 (10%)
HCI (1N)
Distilled water

Protocol:
1) Fixation with formalin
2) Rinsing in distilled water
3)

Merck, Germany

Merck, Germany

Merck, Germany

PAS: Distilled water / PAS-D: Saliva (diluted 1:2 with

demineralised water at 37 °C)
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4) Rinsing in distilled water 3 -1 min
5) Periodic acid 0.5% 10 min
6) Rinsing in distilled water 3 min

7) Schiff’s reagent 20 min
8) Freshly made SO2-water 3 - 2 min
9) Rinsing in running tap water 5 min
10) Rinsing in distilled water 2 min
11) Counterstain with Mayer’s Hematoxylin 3 min
12) Rinse in running tap water 10 min
13)  Dehydration (96% to 100% ethanol)

14) Clearing with Xylene 3 - 2 min

15)  Mounting with Depex

Alcian blue (pH 1.0, pH 2.5; AB) The Alcian blue stain was performed as described
by Mulisch & Welsch (2010):

Solutions:

Alcian Blue pH 2.5
Acetic acid 3%

Distilled water 194 mL
Acetic acid, glacial 6 mL
Alcian Blue pH 2.5

Alcian Blue GS 20g
Acetic acid (3%) 200 mL

Alcian Blue pH 1.0

0.1 N HCI

1 N HCI 20 mL

Distilled water 180 mL

Alcian Blue pH 1.0

Alcian Blue GS 20g

0.1 N HCI 200 mL

Kernechtrot

Aluminium sulphate 5%

Aluminium sulphate Al2(SO4)3 - 18 H2O Merck, Germany 19.34 g

Distilled water 200 mL

Kernechtrot

Kernechtrot Chroma-Gesellschaft, 02g

Germany

Aluminium sulphate 5% 200 mL
Protocol:

1) Fixation with formalin 10 min

2) Rinsing in distilled water 2 - 1 min

3) HCI 0.1N (for AB pH 1.0) / Acetic acid 3% (for AB pH 2.5) 5 min

4) Alcian Blue (pH 1.0 or pH 2.5) 30 min
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D Ot

Kernechtrot

o
— N

9

Rinsing in running tap water
Rinsing in distilled water

Rinsing in running tap water
Rinsing in distilled water

10)  Dehydration (96% to 100% ethanol)
11) Cleaning with Xylene

12) Mounting with Depex

10 min

2 - 2 min
5 min

2 min

2 - 2 min

3 - 2 min

Coomassie Blue R250 (COO) The Coomassie blue stain was performed as described

by Kiernan (2015):

Solutions:

Acetic ethanol
Acetic acid, glacial
Ethanol 100%

Staining solution
Coomassie blue R250
Acetic ethanol

Staining solution diluted 1:3

Staining solution
Acetic ethanol

Protocol:

—

)
2) Rinsing in distilled water
3) Ethanol 100%
4) Diluted staining solution
5) Acetic ethanol
6)
7) Cleaning with Xylene
8) Mounting with DPX

Fisher Scientific, UK

Bio-Rad, USA

Fixation with formalin

Dehydration (96% to 100% ethanol)

100 mL
300 mL

40 mg
200 mL

25 mL
75 mL

Mercuric bromophenol blue (BRO) The Mercuric bromophenol blue stain was perfor-

med as described by Hornatowska (2005):

Solutions:

Staining solution
Mercuric chloride
Bromophenol blue
Distilled water

Merck, Germany
Fluka, Switzerland

10g
100 mg
100 mL
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Adjust pH of staining solution (pH 3.8 and
pH 4.6) with HCl/NaOH.

NaOH Merck, Germany

Protocol:
1) Fixation with formalin 10 min
2) Hydration (Distilled water) 2 -1 min
3) Staining solution 15 min
4) Acetic acid (0.5%) 2 min
5) Rinsing in distilled water 1 min
6) Dehydration (Tertiary butanol) 1 min
7) Dehydration (Tertiary butanol) 2 min
8) Clearing with Xylene 1 min
9) Mounting with Depex

Ninhydrin-Schiff (NIN) The Ninhydrin-Schiff stain was performed as described by
Bancroft & Stevens (1996):

Solutions:

Ninhydrin solution (0.5%)

Ninhydrin Merck, Germany 05¢g

Ethanol 100% 100 mL
Protocol:

1) Fixation with formalin 10 min

2) Rinsing in distilled water 2 - 1 min

3) Ethanol 70% 10 min

4) Ninhydrin solution (37 °C), freshly made Overnight

5) Rinsing in running tap water 3 min

6) Schiff’s reagent 75 min

7) Rinsing in running tap water 3 min

8) Dehydration (70% to 100% ethanol)

9) Clearing with Xylene 3 - 2 min

10)  Mounting with Depex

Oil Red O (0I0) The Oil Red O stain was performed as described by Lillie & Ashburn
(1943):

Solutions:
Oil Red O
Stock
Oil Red O Chroma-Gesellschaft 05g
Isopropanol Merck, Germany 100 mL
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Working solution

30 mL stock 4+ 20 mL distilled water
Allow to stand for 10 min

Filtrate and cover immediately

Protocol:
1) Fixation with formalin
2) Rinsing in running tap water
3) Isopropanol 60%
4) Oil Red O, working solution,
freshly made
5 Isopropanol 60%

)
6) Rinsing in distilled water
7) Mounting with glycerol

4.Sl.4 Results

10 min
2 min
10 s
10 min

1 dip
4 -1 min

Merck, Germany

4.51.4.1 Comparison of dorsal and ventral digital gland volumes

100 |

Gland volume Vj, ,, [nL]
2

Dorsal Ventral
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Figure 4.SI.1 Individual digital mucus gland
volumes in Hyla cinerea. Boxes indicate me-
dian, and 25th and 75th percentiles of the mea-
sured volumes of the dorsal (Vgg, n = 158) and
ventral (Vig, n = 49) digital glands. Values
that are located more than 1.5 times the in-
terquartile range above or below the boxes are
shown as outliers (red circles).
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4.S1.4.2 Distribution of the cumulative ventral gland volume
along the longitudinal pad axis

Cumulative gland volume V' [nL)]

_10 1 1 1 1 1 1 1
300 400 500 600 700 800 900 1000

Longitudinal position z [pum]

Figure 4.SI1.2 Mucus distribution on the ventral pad surface. Cumulative ventral gland volume
(i.e. the summarised volume of all glands distal to a given position along the longitudinal pad axis)
as a function of longitudinal position = (low z: distal, high z: proximal). For an uniform gland
pore distribution, a linear curve would be expected. A quadratic model (V = —2.7nL +4.1-10~°
nL pm~2 22; Akaike information criterion for low sample sizes AICc = —527.9; blue dashed curve)
fits the data better than a linear one (V = —21.1nL +5.7- 1072 nLyum~! z; AICc = —498.4;
red continuous curve). The quadratic trend suggests an increased mucus volume present on the
proximal half of the ventral pad surface.

4.51.4.3 Myoepithelial cells of dorsal and ventral digital mucus glands

Figure 4.S1.3 Glandular myoepithelial cells in
Hyla cinerea. Transverse section of the digital
pad showing the immunohistochemically stai-
ned myoepithelial cells (brown) surrounding the
dorsal (white arrowheads) and ventral (black
arrowheads) mucus glands. Insets: Dorsal (left)
glands appear to have a more strongly deve-
loped myoepithelial sheath than ventral ones
(right); scale bar = 25 pm.

4.S1.4.4 Summary of histochemistry results

[See next page.]
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4.S1.45 Comparison of IR and SFG results

Interspecific comparison of IR spectra
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Figure 4.SI.4 Interspecific comparison of frog mucus IR spectra. (A) Comparison of ventral di-
gital (solid line) and abdominal (dotted line) mucus in Hyla cinerea (black; abdominal spectrum
scaled by x3) and Osteopilus septentrionalis (red; digital spectrum scaled by x0.8; abdominal
spectrum scaled by x0.3). (B) Comparison of amide I/amide II peak area ratios of mucus obtained
from the digits (dig., crosses) and the abdomen (abd., circles) of H. cinerea (red) and O. septentri-
onalis (black). No significant differences were found in the peak area ratios between digital and
abdominal mucus for both H. cinerea and O. septentrionalis. The statistical results are discussed
in the main text.

Interspecific comparison of hydroxyl peak shifts in SFG spectra
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Figure 4.SI.5 Interspecific comparison of frog mucus SFG spectra. Comparison of hydroxyl peak
shifts of mucus obtained from the digits (crosses) and the abdomen (circles) of H. cinerea (red)
and O. septentrionalis (black) analysed with SFG in PPP and SSP polarisation. No significant
differences were found in hydroxyl peak shifts between digital and abdominal mucus for both
H. cinerea and O. septentrionalis in both polarisations. The statistical results are discussed in
the main text.
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4.S1.5 Discussion

4.5S1.5.1 Histochemistry reports of anuran mucus in literature

[See next page.]
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Table 4.SI.5 Histochemical staining results for the mucus glands of neobatrachians (top) and other anurans (bottom).

Family Species Mucosubstances Proteins Lipids Reference
Bufonidae Rhinella arenarum PAS-HE +, AB-2.5 +, COO - SURIII - Regueira et al. (2016)
HE/SAF +
Dendrobatidae Ameerega picta - BRO - - Prates et al. (2012)
Hylidae Bokermannohyla PAS +, AB + BRO 0 SUBB - Centeno et al. (2015)
alvarengai
Hyla cinerea PAS + - - Ernst (1973b)
H. arborea - - Nile blue -, Potassium Goniakowska-Witalinska &
dichromate and osmium Kubiczek (1998)
tetroxide -
various Hyla PAS +, AB-1 -, AB-2.5 + — OIO -, SUBB - (secretion +) Barbeau & Lillywhite (2005)
Litoria caerulea PAS + - - Barnes et al. (2011);
Warburg et al. (2000)
Leiuperidae various Pleurodema, PAS-HE +, AB-2.5 + NIN - — Ferraro et al. (2011)
Somuncuria
sOMUNCUTENSLS
Leptodactylidae Leptodactylus lineatus - BRO - - Prates et al. (2012)
Pipidae Xenopus laevis PAS-AB-2.5 +, PAS +, NIN -, SUBB -, Copper Thomas et al. (1993)
AB-2.5 + Performic Phtalocyanin -
acid-AB +
Phyllomedusidae  Phyllomedusa distincta PAS-AB-2.5 + BRO - - Antoniazzi et al. (2013)
P. hypochondrialis PAS +, AB-1 -, AB-2.5 + - OIO -, SUBB - (secretion +)  Barbeau & Lillywhite (2005)
Ranidae various PAS +, AB-0.2 + - - Le Quang Trong (1971)
Phrynobatrachus
Rana pipiens PAS +, AB-0.4 +, AB-2.8 BRO - - Dapson (1969)
+
R. utricularia PAS +, AB-1 -, AB-2.5 + - OIO -, SUBB - (secretion +)  Barbeau & Lillywhite (2005)
R. fuscigula PAS +, PAS-AB + - - Els & Henneberg (1990)
various Rana PAS +, AB-2.5 + NIN + — Brizzi et al. (2002)
Rhacophoridae Polypedutes muculatus PAS +, PAS-D +, PAS — SUBB +, Br-SUBB +, Ferraro et al. (2011)
(acetylated) -, PAS-AB SUIII -, Nile blue sulphate
T, AB-2.5 2/+ +
Amphiumidae Amphiuma tridactylum PAS-AB-2.5 +, AB-2.5 + BRO 0 - Pereira et al. (2018)
Plethodontidae Ensatina eschscholtzii PAS +, AB-2.5 - - - Fontana et al. (2006)
Salamandridae Tylototriton verrucosus  PAS +, AB-2.5 + COO - - Wanninger et al. (2018)
Siphonopidae Siphonops annulatus PAS +, AB-2.5 + BRO - SUB + Jared et al. (2018)

Staining result: - Negative, 0 Equivocal, + Positive. Staining method: PAS Periodic acid-Schiff, AB-X Alcian blue (-pH), TOB
Toluidine blue, SUBB Sudan black B, SUX Sudan I to IV, SURIII Sudan red III, OIO Oil red O, HE-EO Hematoxylin-eosin.

R
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4.51.5.2 Anuran gland cluster reports in literature

Table 4.S1.6 Depictions and mentions of digital mucus gland clustering in neobatrachians.

Family Species Reference
Centrolenidae Centrolenella parabambae Noble & Jaeckle (1928)
Dendrobatidae Dendrobates tinctorius Noble & Jaeckle (1928)
Phyllobates latinasus Noble & Jaeckle (1928)
Hemiphractidae Acris gryllus Noble & Jaeckle (1928)
Gastrotheca christiani Manzano et al. (2007)
G. marsupiata Hertwig & Sinsch (1995)
Hylidae Hyla cinerea This study
Hypsiboas Tiojanus Manzano et al. (2017)
Litoria caerulea Personal observation, Nakano &
Saino (2016)
Phyllomedusa sauvagii Manzano et al. (2007)
P. trinitatis Ba-Omar et al. (2000)
Scinaz fuscovarius Fabrezi et al. (2017)
Hylodidae Elosia bufonia Noble & Jaeckle (1928)
Hyperoliidae Leptopelis karissimbenses Drewes (1984)
Mantellidae Guibemantis timidus Manzano et al. (2007)
Phrynobatrachidae Phrynobatrachus dendrobates Noble & Jaeckle (1928)
Ranidae Rana temporalis Gaupp (1904)
Rhacophoridae Philautus annandalii Chakraborti et al. (2012)

Polypedates reinwardtii

Siedlecki (1910)
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CHAPTER 5

Estimating the maximum attachment
performance of tree frogs on rough substrates

Abstract

Tree frogs can attach to smooth and rough substrates using their adhesive toe pads.
We present the results of an experimental investigation of tree frog attachment to
rough substrates, and of the role of mechanical interlocking between superficial toe pad
structures and substrate asperities in the tree frog species Litoria caerulea and Hyla
cinerea. Using a rotation platform setup, we quantified the adhesive and frictional
attachment performance of whole frogs clinging to smooth, micro-, and macrorough
substrates. The transparent substrates enabled quantification of the instantaneous
contact area during detachment by using frustrated total internal reflection. A linear
mixed-effects model shows that the adhesive performance of the pads does not differ
significantly with roughness (for nominal roughness levels of 0-15 um) in both species.
This indicates that mechanical interlocking does not contribute to the attachment
of whole animals. Our results show that the adhesion performance of tree frogs
is higher than reported previously, emphasising the biomimetic potential of tree frog
attachment. Overall, our findings contribute to a better understanding of the complex
interplay of attachment mechanisms in the toe pads of tree frogs, which may promote
future designs of tree-frog-inspired adhesives.

Keywords: Bioadhesion; Biomimetics; Bioinspired adhesive; Litoria caerulea; Hyla
cinerea; Surface roughness; Mechanical interlocking.

This chapter has been published as: LaANGowskl, J.K.A., RUMMENIE, A., PIETERS, R.P., KOVALEV,
A., GOrB, S.N. & vaAN LEEUWEN, J.L. (2019). Estimating the maximum attachment performance
of tree frogs on rough substrates. Bioinspiration € Biomimetics 14, 2, p. 025001.
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Attachment on rough substrates

5.1 Introduction

Strong, reversible, and repeatable attachment to a variety of substrates with diffe-
rent geometrical, mechanical, and chemical properties is a basic requirement both for
climbing animals and for next-generation technological adhesives (Peattie, 2009). This
overlap in functional demands has led to a considerable transfer of knowledge between
the fields of biological and technical adhesion (e.g. von Byern & Grunwald, 2010; Cre-
ton & Gorb, 2007; Favi et al., 2014; Gebeshuber, 2007; Lepora et al., 2013; Smith,
2016), and to the design of a large number of biomimetic and bioinspired adhesives
(Bogue, 2008; Favi et al., 2014; Flammang & Santos, 2015; Li et al., 2013).

Geckos and tree frogs are the most prominent vertebrate models for the design of
biomimetic adhesives (Barnes, 2007a; Chen et al., 2015; Drotlef et al., 2013; Jagota &
Hui, 2011; Kamperman et al., 2010). The toes of geckos are ‘hairy’ structures covered
by numerous microscopic setae ending in nanoscopic spatulae and can conform to
minute asperities of the substrate, hence facilitating the generation of ‘dry’ intermo-
lecular van der Waals (vdW) forces between toe and substrate (Autumn et al., 2000,
2002; Filippov & Gorb, 2015; Huber et al., 2005). The ventral epidermis on the toe
pads of tree frogs is relatively smooth compared to that of the gecko, but it also forms
a surface pattern consisting of microscopic prismatic cells that are covered with na-
noscopic cellular protrusions (‘nanopillars’) and separated by channels (Ernst, 1973a;
Scholz et al., 2009). In contrast to geckos, tree frogs rely on a wet environment, and
their permeable skin is inherently moist (Haslam et al., 2014; Stebbins & Cohen, 1995;
Wells, 2007). Accordingly, their toe pads stand out as a model system for attachment
in wet conditions. The toe pads have been proposed to give rise to ‘wet adhesion’
(Emerson & Diehl, 1980; Hanna & Barnes, 1991; Nachtigall, 1974; Schuberg, 1891;
Siedlecki, 1909; v. Wittich, 1854), which comprises capillary and hydrodynamic at-
tachment forces (Barnes, 2012; Endlein & Barnes, 2015; e.g. Stefan adhesion). VAW
forces (Emerson & Diehl, 1980; Federle et al., 2006) and mechanical interlocking (Cra-
wiord et al., 2016; Emerson & Diehl, 1980; Green, 1981; Komnick & Stockem, 1969)
have also been discussed to contribute to the adhesion (i.e. the attachment force nor-
mal to the substrate surface) and friction (i.e. the attachment force parallel to the
substrate surface) of tree frogs.

Studying the fundamental mechanisms of tree frog attachment contributes not only to
the understanding of the ecology (Emerson, 1991; Green & Simon, 1986) and evolution
(Moen et al., 2013; Sustaita et al., 2013) of these animals, but also promotes the
technical development of biomimetic adhesives for operation in a wet environment, for
example in surgery (Barnes et al., 2011) or robotics (Barnes et al., 2008). Measuring
adhesion, friction, and the respective contact-area-normalised contact stresses as a
function of substrate properties such as free surface energy, stiffness, or roughness
is a common approach to elucidate the fundamental mechanisms of an attachment
apparatus (Barnes et al., 2002; Bullock & Federle, 2011; Klittich et al., 2017; Stark
et al., 2013). For example, insect claws can only interlock mechanically with substrate
asperities above a critical roughness (Dai et al., 2002; Ditsche-Kuru et al., 2012).
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Analogously, mechanical interlocking of the superficial structures on a tree frogs’
toe pad with substrate asperities should be—if present at all—maximal when the
nominal roughness R of the substrate (defined, unless mentioned otherwise, as the
characteristic size of the substrate asperities) is similar or larger in size than the pad
surface structures (i.e. ~ 300 nm for the nanopillars (Scholz et al., 2009) and ~ 10 pm
for the epidermal cells Ernst, 1973a). The attachment forces generated by the other
proposed attachment mechanisms might also be critically attenuated with increasing
substrate roughness, for example by reducing the effective contact area (Vakis et al.,
2018) or by meniscus cavitation (Barnes, 1999; Crawford et al., 2016).

Traditionally, the attachment performance of a whole tree frog is quantified by me-
asuring the angles at which a frog begins to slide on (sliding angle o) and finally
falls off (falling angle ay ) from a substrate rotating around a horizontal axis (refer-
red to as ‘rotation platform’; Barnes, 1999; Barnes et al., 2006; Emerson & Diehl,
1980). These angles are proxies for the whole-animal (static) friction and adhesion,
respectively. Previous work shows slight variations of falling and sliding angle with
increasing roughness up to ca. 15pm (Barnes, 1999; Barnes et al., 2002; Crawford
et al., 2016; Endlein et al., 2013). At higher roughness levels, adhesive (Barnes, 1999;
Crawford et al., 2016) as well as frictional (Crawford et al., 2016) performance de-
cline. For computation of the contact-area-normalised whole-animal adhesion (i.e.
tenacity), previous studies exclusively used the maximum total contact area of all toe
pads and neglected inertial loads acting on the pads. Measurements of the whole-
animal attachment performance on nano- to microrough substrates under control of
substrate surface energy, and under consideration of the instantaneous contact area
(i.e. the actual contact area just before falling) and of dynamic loads are largely mis-
sing, which may have led to an underestimation of the attachment performance of
tree frogs.

Here, we present a study of the whole-animal attachment performance of tree frogs
as a function of substrate roughness on smooth (i.e. a nominal roughness R = 0 pm),
micro- (R = 0.1 pm, 0.5pm, 6 pm, and 15 pm), and macrorough (R = 200 um) sub-
strates in the species Litoria caerulea and Hyla cinerea, which are among the most
intensively studied tree frog species (Barnes et al., 2008, 2011; Emerson & Diehl,
1980; Ernst, 1973a,b; Federle et al., 2006; Green, 1981; Linnenbach, 1985; Scholz
et al., 2009). Most previous studies included smooth and macrorough substrates, dis-
tinguishing these roughness levels as reference cases. Using a custom-built rotation
platform, which allows the dynamic measurement of the instantaneous contact area,
we aim to (i) characterise the whole-animal attachment performance on rough sub-
strates, (ii) test whether mechanical interlocking contributes to the adhesion of the
toe pads, and (iii) provide an estimate for the maximum adhesion performance of tree
frogs’ toe pads. As tree frogs frequently encounter substrates with diverse properties
(Koch et al., 2008), we expect that adhesion and friction are insensitive towards a
large range of substrate roughness levels. If mechanical interlocking is present as pro-
posed previously, we expect an increase in attachment performance with increasing
roughness. In particular, the attachment performance should increase stepwise when
the substrate roughness gets larger than the nanopillars (i.e. switching from 0.1 nm
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to 0.5 pm) or the epidermal cells (i.e. switching from 6 pm to 15 pm). A stepwise de-
crease in attachment performance may be expected at an even higher roughness (i.e.
200 pm), when the substrate asperities become too large to allow interlocking with the
micro- to nanoscopic pad surface structures. As the animal-substrate contact area in
friction measurements is dominated by the belly (Brehm, 1892; Endlein et al., 2013;
Gadow, 1909; Schuberg, 1891; Siedlecki, 1909), we can only analyse the whole-animal
performance with respect to friction.

5.2 Materials and methods

5.2.1 Experimental animals

Experiments were performed with adult individuals of Litoria caerulea (number n = 6,
body mass m = 46.8+13.4 g, snout-vent-length fgy = 79.2£5.6 mm; unless mentio-
ned otherwise, we report mean + standard deviation throughout this study) and Hyla
cinerea (n = 6, m = 8.7+1.7g, gy = 48.7+1.6 mm). The animals were housed, se-
parated by species, in 0.6 - 0.6 - 1.2 m?® (width - length - height) large terraria, with
six frogs per terrarium, at the CARUS research facility at WUR. The terraria were
enriched with plants (Ficus spec.) and scaffolds of polypropylene-pipes. Temperature
and relative air humidity were kept at 2426 °C and 45-85%, using heating mats and a
semi-automatised sprinkler system spraying demineralised water (Bitter Watertreat-
ment, The Netherlands), respectively. The frogs were kept at a 12h : 12h dark-light-
cycle and fed 2-3 times per week with 3-5 live crickets enriched with vitamin/mineral
powder (Dendrocare, AmVirep, The Netherlands) per individual; water was supplied
ad libitum. The room air was filtered for pathogens with an air purifier (WINIX U300,
Winix, USA). The frogs were monitored daily for their wellbeing.

5.2.2 Test substrates

Transparent, stiff substrates with a defined roughness and a surface area of 290 -
210 mm? were produced in a two-stage-casting-process (similar to Gorb, 2007; Koch
et al., 2008). To create substrates with nominal roughness levels of 0pm (smooth),
0.1pum, 0.5pm, 6 pm, 15pm, and 200 um (macrorough), a thin sheet of plexiglas,
diamond lapping film (661X, 3M, USA), or conventional sandpaper (grit size 80,
KWB, Germany) with the according particle size was glued into an aluminium mould
(Fig. 5.1A). Polydimethylsiloxane (PDMS; Sylgard 184, Dow Corning, USA) was
prepared at a base:curing-agent ratio of 10:1, degassed in a vacuum-oven, and filled
into the mould to create a negative of the rough surface (Fig. 5.1B). Before casting, the
mould was slightly tilted to avoid bubble formation. After curing, the PDMS-negative
was removed (Fig. 5.1C) and filled with vacuum-degassed epoxy resin prepared at a
base:curing-agent ratio of 1:0.9 (Crystal Clear 200, Smooth-On, USA; Shore hardness
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Table 5.1 Conventional roughness parameters R, (arithmetic average roughness) and RM S (root
mean squared roughness) of the used substrates in pm (mean+tstandard deviation, n = 10). For
the smooth to 15pum substrates, roughness was measured by white light interferometry, for the
macrorough substrate with profilometry (120x magnification).

Mag. Smooth 0.1 pm 0.5 pm 6 pm 15 pm Macrorough
5x .024£.007  .438+.022  .4764+.017  .405+.025  .4414+.046
Ra 50x  005+.002 4254023  .474+.032  410+.072 484t 122 Oo-2l4E11.893
RMS 5x .053+.014  .5914.030  .628+£.055  .684+.029  .965+.076 N/A
50 % .006+£.002  .5344.028  .579+£.034  .667+.096  .961+.141

Mag. Magnification.

= 80 D, Elastic modulus &~ 400 MPa; Fig. 5.1D), which resulted in a positive cast of
the rough surface (Fig. 5.1E).

Surface roughness was characterised and spatial homogeneity of the surface profiles of
the test substrates was ensured using a VR-3100 3D measuring macroscope (Keyence,
Japan) and a New View 6000 white light interferometer (Zygo, USA). Conventional
roughness parameters of the substrates are shown in Table 5.1, a more elaborate
roughness analysis can be found in Section 5.51.2.1. With an OCAH 200 contact
angle measuring system (DataPhysics Instruments, Germany) and the sessile drop
method, we computed for the hydrophilic substrate material (water contact angle
71.92 4+ 2.07°, n = 5) a free surface energy 7 of 39.2mJm~2 (dispersive component
74 = 30mJ m~2, polar component Yp = 9.2mJ m~2) with the Owens, Wendt, Rabel,
and Kaelble (OWRK) method (Kaelble, 1970; Owens & Wendt, 1969; Rabel, 1971;
see Section 5.51.2.2).

5.2.3 Experimental setup and protocol

A custom-built rotation platform was used to quantify the whole-animal attachment
performance of the studied frog species (Fig. 5.2A). The test substrates were rotated
around a horizontal axis at an angular speed of ca. 3.6°s!, driven by a RS Pro
brushed DC geared motor (RS Components, The Netherlands) via a pulley-timing-
belt-system (27-T5; Médler, Germany). A custom-programmed Arduino (Arduino
Uno revision 3, Arduino) read out the platform angle from an angle sensor (981 HE

A D E
+Sandpaper
Epoxyresm
Curing Curlng

Figure 5.1 Generation of the transparent and stiff test substrates with defined roughness. (A)
Roughness template (e.g. sandpaper) glued with double-sided tape into an aluminium mould. (B)
Polydimethylsiloxane (PDMS) cast into the aluminium mould. (C) Cured negative PDMS-cast of
the rough surface. (D) Epoxy resin cast into the PDMS-mould. (E) Cured positive epoxy-cast of
the rough surface.
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Figure 5.2 (A) Rotation platform setup (inset: example of the recorded bottom view of a frog
clinging to the rotating substrate). (B) Free body diagrams of a frog at the onset of (By) sliding
and (Byp) falling. o falling angle, «a) sliding angle, Fy body weight, F'; adhesion, F) friction.

special, Vishay Spectrol, USA; linearity +0.5%).

Four LED-strips (LS-OO06-STWH-SD111; Intelligent LED Solutions, UK) were
mounted at the sides of the transparent substrate such that the emitted light was
reflected internally. This allowed us to visualise the instantaneous pad-substrate
contact area by frustrated total internal reflection (FTIR; Hill et al., 2018), which
utilises the frustration of the internal reflection at locations of animal-substrate con-
tact, causing local light scattering (inset in Fig. 5.2A). The contact area was recorded
ventrally with a HC-VX980 camcorder rotating with the substrate (Panasonic, Ja-
pan; 3840 - 2160 pixels, effective pixel size ~ 90 - 90 pm?) at 30 frames per second,
resulting in an angular step size of 0.12° per frame. The video recordings and angle
measurements were synchronised using a sound signal (duration < 5ms) at regular
time intervals (At ~ 2.14s). The animals were filmed laterally with a C930e webcam
(Logitech, Switzerland; 1920 - 1080 pixels, 30 frames per second) to inspect general
body positing and movements.

Prior to each trial, the animals were rinsed carefully with demineralised water to re-
move contaminations that could influence attachment performance, and subsequently
put on a smooth polymer sheet to standardise the amount of liquid covering the ven-
tral body surface. Six individuals each of L. caerulea and H. cinerea were tested for
the six substrates with different roughness levels in a randomised order. To compen-
sate for the variation in the measurements due to behavioural variation in the animals,
we repeated each individual-roughness-combination 10 times (i.e. a trial), leading to
a total of 720 trials (60 per species and roughness level). In each trial, individual
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animals were placed head upwards on the substrate and rotated from a horizontal
(0°) into a vertical (90°) and finally an overhanging position (> 90°). Belly-substrate
contact was impaired by gently prodding the animals with a soft object. Trials were
excluded when the frogs jumped off the substrate, moved outside the substrate area
with specified roughness, or made extensive contact with body parts other than the
toe pads before falling (in adhesion measurements), leading to 133 and 72 trials of
L. caerulea, and 106 and 70 trials of H. cinerea for further analysis of their adhesion
and friction performance, respectively. These trials include cases with only a few toes
in contact.

5.2.4 Data analysis and statistics

Data analysis was performed with a custom-made MATLAB routine (Version R2015a,
The Mathworks, USA). From the videos, the angles at which the frogs started sliding
() and lost contact to the substrate (a1 ) with all four limbs were identified. For the
determination of the instantaneous contact area A just before falling, we measured
the contact area of all toes in contact at the last recorded moment before detachment,
at which the number of toes in contact was constant and the contact area of individual
toes was not yet decreasing (i.e. static contact; see also Fig. 5.51.2). The instantaneous
contact area was quantified with ImageJ (Version 1.51g, National Institutes of Health,
USA). This was not possible for the macrorough substrate because of too strong
scattering of the totally internally reflected light.

For each frog individual, the snout-vent-length /sy was recorded by a calibrated
dorsal photograph made with a Nikon 5500 camera using a Nikon AF-NIKKOR 24
mm /2.8 D lens (6000 -4000 pixels, effective pixel size 47 -47 pm?); immediately after
each trial, body mass m, environmental temperature 7', and relative air humidity
H were recorded using an OHAUS Scout Pro balance (Parsippany, USA; resolution:
0.01g) and a testo 608-H1 hygrometer (Testo Ltd, UK; resolution: 0.1°C, 0.1%),
respectively.

From the sliding and falling angle (o and a1 ), body mass m, and instantaneous
contact area A, we computed adhesion F| , static friction Fj, and the adhesive contact
stress (i.e. tenacity o) as follows (Fig. 5.2B; Barnes, 2006):

Fi =mg cos(180 — ;) = —m g cos(ay ) 90° <oy < 180° (5.1a)

F” =mg sin(aH) 0° < Q| < 90° (51b)
F

oL = f (5.1¢)

In these equations, we assume an equal distribution of load over all limbs and toes, and
neglect inertial effects. The potential effects of substrate roughness on the attachment
performance of tree frogs were analysed by fitting the falling angle a; and sliding angle
) as a function of substrate, species, and body mass in a linear mixed-effect model
in MATLAB (significance level a = 0.05). Based on the Akaike information criterion
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adjusted for small sample sizes (AICc; Burnham & Anderson, 2002), snout-vent-
length, temperature, and relative humidity were excluded as fixed effects. Individual
identity was fitted as random intercept to correct for interindividual variation that
is not accounted by the fixed effects. Measurement date was fitted as additional
random intercept to correct for variation between measurement days. Moreover, the
interaction between individual identity and substrate, as well as between individual
identity and repetition number were fitted as random intercepts to correct for pseudo-
replication and to quantify the variation of an individual within a given substrate and
repetition number, respectively. For the model diagnostics see Section 5.S1.4.

5.3 Results

Tree frogs are able to generate adhesion and friction on substrates with different
roughness levels. Over the course of measurements, temperature and relative air
humidity were 23.3-26.3°C and 39.8-69.0%, respectively. During single trials, the
animals regularly moved across the rotating platform, requiring prodding with the
hands of the experimenter to keep the frogs on the platform (Fig. 5.3). Typical
changes in body posture were observed, with frogs taking a splayed body posture with
increasing substrate inclination, as discussed in detail elsewhere (Endlein et al., 2013,
2012). Over the course of one trial, large changes in the number of contact points
and in the size of the instantaneous contact area were observed, ranging from—in
addition to the toes—full belly contact to the contact of only a few toes of two limbs
(Fig. 5.3).

Interestingly, we observed several instances where frogs clinging to the substrate at an
angle of approximately 120-130° were able to remain attached although temporarily
the forelimbs completely detached from the substrate and the animals swung back-
and forwards (Fig. 5.4).

In the following sections, we describe the adhesion performance of the toe pads and
the friction performance of whole animals for the studied frog species.

5.3.1 Adhesion performance

For L. caerulea, the falling angle a; ranges from 93.0 4+ 13.4° (macrorough substrate)
to 129.1 +11.2° (0.1 pum substrate; Fig. 5.5). The falling angles on the 0.1 pm, 0.5 pm
(118.1 £ 24.4°), 6um (128.2 £ 12.6°), and the 15pm substrate (128.8 + 14.7°) do
not differ significantly from «; on the smooth substrate (119.4 + 18.2°), whereas
falling angles on the macrorough substrate are significantly lower by 36.1 + 4.9° than
on the smooth substrate (estimate+95% confidence interval [CI]; see Table 5.2 for
the linear mixed-effect model statistics). The falling angle scales negatively with
body mass m (slope = —0.34 + 0.28°g~ !, estimate+95% CI; t = —2.337, DF = 231,
p = 0.020).
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Figure 5.3 Rotation platform trial for an individual of L. caerulea on a smooth substrate. At
platform angles < 100°, the belly contributes to the overall contact area. Just before detachment
(angles < 123°), quick limb movements are visible, which result in time and space dependent
variations of the ensemble of pad-substrate contact areas.

The adhesion F'| of L. caerulea ranges between 192.8485.7mN and 282.14+88.5 mN
for roughness levels between smooth and 15pm. On the macrorough substrate, F'|
drops by 81% to 50.2+63.5mN, if compared to the smooth substrate; adhesion on
the macrorough substrate is significantly different from the other roughness levels
according to one-way ANOVA with Bonferroni correction (F[5,100] = 29.98, p <
0.001). The adhesive tenacity o, ranges from 2.14£0.8 mNmm~2 (smooth substrate)
to 2.840.9mN mm~2 (151m substrate). The tenacity measures are not significantly
different, as determined by one-way ANOVA with Bonferroni correction (F'[4,88] =
1.46, p = 0.220). Tenacity could not be quantified for the macrorough substrate
because of too strong scattering of the internally reflected light. Peak tenacities of

Table 5.2 Fixed-effects coefficient estimates of the linear mixed-effects model for the falling angles
of tree frogs on substrates with different roughnesses (in degree). SE standard error, DF degrees
of freedom, ¢ t-statistic, p p-value.

Estimate SE DF t P
Intercept® 142.73 7.26 231 19.665 <0.001
Hyla cinerea —11.60 6.07 231 —1.912 0.057
0.1 pm 0.60 236 231 0.254 0.799
0.5 pm —-1.78 269 231 0.287 0.774
6 pm 0.71 248 231 0.419 0.676
15 pm 1.02 242 231 —0.661 0.510
Macrorough —36.12 247 231 —14.619 <.001
Body mass —-0.34 0.14 231 —2.337 0.020

& Litoria caerulea on the smooth substrate.
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40 mm
—

Figure 5.4 Attachment dynamics of L. caerulea clinging to a rotating, overhanging, smooth
substrate. After detachment of the forelimbs, the body swings backwards by more than 90°.
During the swinging phase, inertial loads are likely to act on the attachment interface in addition
to the static body weight. Insets show the body posture in lateral view. To improve clarity, the
images were filtered by outlier-removal (ImagelJ).

8.8 mN mm~—2 were measured.

Similar trends were observed for the adhesion performance of H. cinerea, and the
linear mixed-effects model does not show significant differences between the two spe-
cies (t = —1.912, DF = 231, p = 0.057). Falling angles range from 126.948.2°
to 130.14+9.2° for roughness levels between smooth and 15um, and the falling an-
gle decreases significantly on the macrorough substrate, if compared to the other
roughness levels. Compared to L. caerulea, H. cinerea generates much lower adhesion
of 46.94+15.1 mN to 54.5+16.0 mN for roughness levels between smooth and 15 pm. On
the macrorough substrate, H. cinerea barely adheres (F'| = 2.0+14.2mN). The tena-
city varies between 1.54£0.7mNmm~2 and 2.84-1.1 mNmm~2 on the five less rough
substrates, mostly without significant differences; only on the 0.1um (p = 0.003)
and the 15um (p = 0.003) substrate, the frogs generated significantly higher tena-
cities compared to the smooth substrate, as found in a multiple comparison using
Bonferroni correction.
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Figure 5.5 (Aj) Falling angle o), (Aqr) adhesion F|, and (Ay) tenacity o, as well as (By)
sliding angle o and (Byp) (static) friction Fj as a function of (nominal) substrate roughness R for
Litoria caerulea (blue) and Hyla cinerea (green). For sliding angles aj > 90°, the friction F}| was
computed with o) = 90°. Boxes indicate median, and 25th and 75th percentiles of the measured
values. Values that are a located more than 1.5 times the interquartile range above or below the
boxes are shown as outliers. For the falling and sliding angle, black dots and whiskers denote
the mean values and the 95% confidence intervals predicted from the linear mixed-effects models.
Strong scattering of the internally reflected light prevented the measurement of the contact area
and thus of the tenacity on the macrorough substrate.
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Table 5.3 Fixed-effects coefficient estimates of the linear mixed-effects model for the sliding
angles of tree frogs on substrates with different roughnesses (in degree). Symbols as in Table 5.2.

Estimate SE DF t P
Intercept? 87.94 775 134 11.352  <0.001
Hyla cinerea 11.73  6.33 134 1.855 0.066
0.1pm 8.35 4.21 134 1.984 0.049
0.5 pm 6.22 421 134 1.478 0.142
6 pm 8.98 4.21 134 2.135 0.035
15 pm 13.64 421 134 3.242 0.002
Macrorough —7.58 4.31 134 —1.760 0.081
Body mass —0.14 0.15 134 —0.923 0.358

2 Litoria caerulea on the smooth substrate.

5.3.2 Friction performance

The sliding angle o of L. caerulea ranges between 79.4+18.6° (smooth) and 81.149.5°
(macrorough). Compared to the smooth substrate, ) is significantly higher by
8.4-13.6° (estimates) on the 0.1 pm, the 6 pm, and the 15 pm substrate (Table 5.3).
For the macrorough substrate, lower sliding angles were measured than on the smooth
substrate (difference = —7.6+8.5°, estimate+95% CI), but this difference is just not
statistically significant (p = 0.081). In contrast to the falling angle, the scaling of sli-
ding angle with body mass m is not significant (slope = —0.144£0.29°g~1; t = —0.923,
DF = 134, p = 0.358).

The maximum friction force Fj generated by L. caerulea ranges between
435.4+£135.3mN (smooth) and 458.0+131.6 mN (0.1 pm). Differences between the
roughness levels are not significant, as determined by one-way ANOVA with Bonfer-
roni correction (F[5,64] = 0.08, p = 0.995).

H. cinerea shows sliding angles o between 85.2+5.6° (macrorough) and 112.3+10.5°
(15pm). The sliding angle was not significantly different between L. caerulea and
H. cinerea (t = 1.855, DF = 134, p = 0.066). The friction F| of H. cinerea ranges be-
tween 83.4+£18.4mN (0.1 pm) and 86.3+18.5 mN (0.5 pm). An one-way ANOVA with
Bonferroni correction does not show significant differences in the friction generated
on the different substrates (F'[5,66] = 0.05, p = 0.998).

5.4 Discussion

5.4.1 Effects of substrate roughness on attachment performance

Fig. 5.6 provides an overview of the effect of substrate roughness variations on the
adhesive performance of L. caerulea and H. cinerea studied here as well as of vari-
ous tree frog species studied in previous research (Barnes, 1999; Barnes et al., 2002;
Crawford et al., 2016; Endlein et al., 2013). The adhesion performance of L. caerulea
and H. cinerea, approximated by the falling angle «, , is approximately constant up
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to a roughness of 15 pm, showing that tree frogs are well able to adhere to substra-
tes with a wide range of roughness. Also the adhesion F'| and tenacity o, barely
differ on all tested substrates except the macrorough one. Such an insensitivity of
adhesion towards substrate roughness is beneficial, as tree frogs encounter various
roughness levels in their natural habitat, ranging from smooth to microrough leaves
(e.g. Ra =~ 0.5-100 um; Koch et al., 2008) to macrorough tree bark. In the following,
we discuss the adhesion performance of the toe pads for the different roughness levels,
from smooth over micro- to macrorough substrates. As the friction data are largely
confounded by the contact of belly and other body portions, we discuss these only
where helpful.
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Figure 5.6 Adhesion performance of tree frogs as a function of (nominal) substrate roughness,
indicated by the falling angles measured in this study (circles; means and 95% confidence intervals
predicted from a linear mixed-effects model, Litoria caerulea [blue], Hyla cinerea [green]) and
reported in literature (asterisks from Fig. 5 by Barnes (1999), Hyla microcephala; crosses from
Fig. 8a by Barnes et al. (2002), Colostethus trinitatis; diamonds from Fig. 3b by Endlein et al.
(2013), Rhacophorus pardalis; squares from Fig. 1B by Crawford et al. (2016), Litoria caerulea).
For smooth substrates, R = 10nm is assumed. Falling angles below 90° (dashed line) indicate full
adhesive failure. Due to only small interspecific differences, the blue and green circles are almost
overlapping.

The falling angles of L. caerulea and H. cinerea measured on the smooth substrate fall
within the range of 100-180° reported in literature (Fig. 5.6). This large range arises
from several causes. Most importantly, the attachment performance of tree frogs scales
intra- and interspecifically with body size: As reported in this study and elsewhere
(Barnes, 1999; Smith et al., 2006a,b), falling angles scale negatively with body mass.
The correction for body mass in the linear mixed-effects model removes this size effect,
resulting in «; &~ 127.5°. Whereas the superficial morphology of the adhesive pad
does not seem to differ between the two species (see Fig. 5.51.9; Barnes et al., 2006;
Endlein et al., 2013), interspecific differences in animal behaviour, in the chemistry of
the secreted mucus, or in the internal morphology of the toe pads (Langowski et al.,
2018b) may explain the interspecific differences in attachment performance. Also,
differences in substrate properties other than roughness should be considered. In this
study, a hydrophilic epoxy resin with—compared to glass—relatively low free surface
energy was used. We are not aware of extensive experimental studies on the effects
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of variations of free surface energy on tree frog attachment (Langowski et al., 2018a),
and differences in free surface energy and hence in adhesion performance between the
different studies (e.g. glass and aluminium oxide polishing paper in Crawford, 2016)
cannot be excluded.

On microrough substrates (i.e. 0.1 ym < R < 15pum), the adhesion performance does
not differ compared to the smooth substrate, as shown by the linear mixed-effects
model for falling angles, and by the transformation of falling angles to adhesion forces
or tenacities. Only for H. cinerea, tenacities are significantly higher on the 0.1 pm
and the 15 pum substrate compared to the smooth one. These results are only partially
in line with the findings of Crawford et al. (2016), who described for single pads of
L. caerulea significantly higher tenacities for R = 0.3—16 pm, if compared to a smooth
substrate. Presumably, this disagreement between rotation platform experiments
and single pad studies arises from differences in pad loading. Normal as well as
shear loading have been shown to be important factors in determining the attachment
performance of tree frog toe pads (Endlein et al., 2017; Hanna & Barnes, 1991), which
is discussed in more detail in Section 5.4.3.

In general, adhesion performance changes only little with an increasing substrate
roughness from smooth to ca. 40 pum (Fig. 5.6). Neither does adhesion performance
increase abruptly with increasing roughness, as expected for biological attachment sy-
stems using mechanical interlocking [e.g. the claws of the beetles Gastrophysa viridula
(Bullock & Federle, 2011) and Pachnoda marginata (Dai et al., 2002), or of the may
fly larva Epeorus assimilis (Ditsche-Kuru et al., 2012)], nor does it drop suddenly,
as hypothesised when the substrate asperities become too large to allow mechanical
interlocking with the nano- to microscopic features of the ventral pad surface (Ernst,
1973b). Importantly, the toe pads of tree frogs are very soft (with an effective elastic
modulus of ca. 20-50kPa; Barnes et al., 2013, 2011; Kappl et al., 2016), potentially
allowing a close conformation to a rough substrate, an increase in the effective contact
area, and as a result enhanced van der Waals forces (e.g. Purtov et al., 2013). The-
refore, one cannot exclude that at different roughness levels the effects of mechanical
interlocking and other possibly involved attachment mechanisms cancel each other,
leading to a constant attachment performance with increasing roughness. For further
studies of the pad conformability, we suggest the visualisation of the pad-substrate
contact for varying roughness levels. A detailed interpretation of the effects of va-
riations in the complex phenomenon roughness (Persson et al., 2005) on tree frog
attachment is challenging, also because of the presence of mucus in the contact area.
Based on a discussion of the roughness parameters computed from the bearing area
curves of the used substrates (see Section 5.51.2.1), one can conclude that the adhe-
sion performance of tree frogs does not change despite a continuous increase in total
roughness height Sio; up to ca. 4pm and in reduced peak height Spx up to almost
3pm between the smooth and the 15 pm substrate. As asperities are a primary pre-
requisite for mechanical interlocking, this speaks against an appreciable contribution
of mechanical interlocking to tree frog attachment.

A comparison with the attachment performance of other bioadhesive systems from
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various clades on rough substrates helps to further explore the fundamentals of tree
frog attachment. For example, the hairy toe pads of insects (e.g. G. viridula, Bullock
& Federle, 2011; Leptinotarsa decemlineata, Voigt et al., 2008), arachnids (Philo-
dromus dispar, Wolff & Gorb, 2012), and geckos (Gekko gecko, Huber et al., 2007)
perform worse on microrough substrates (typically in a range of 0.3-1.0 um) than on
smooth ones, which is generally explained by a loss of effective contact area for dry
adhesion. Similar observations were made for the smooth adhesive pads of insects
(Cydia pomonella, Al Bitar et al., 2010) and arachnids (Izodes ricinus, Voigt & Gorb,
2017). Such a decline in attachment performance is clearly not observed for tree frogs
in the microrough regime. This may be explained by the high pad conformability,
which presumably facilitates a close pad-substrate contact and vdW force generation
(Fig. 5.51.10) on microrough substrates, as proposed by Crawford et al. (2016). In-
dependence of the attachment performance on roughness variations in between 0 pm
and 12 pm has also been reported for the hairy adhesive pads on the prey-capture ap-
paratus of beetles in the genus Stenus (Koerner et al., 2012). The authors related this
independence partially to the small tip diameter (0.17-0.24 um) of the hairy structu-
res, which may widen the range of substrate roughness which the pads can conform
to. The nanopillars on tree frogs’ toe pads have a similar size (diameter ~ 0.3 pm,
Scholz et al., 2009), possibly indicating a functional analogy. Alternatively, the com-
pensatory action of capillary adhesion may explain these findings, as suggested by the
increase in tree frog adhesion on rough substrates when adding liquid (Barnes, 1999;
Barnes et al., 2002; Endlein et al., 2013).

On macrorough substrates (i.e. R > 40pm), adhesion decreases gradually from
R ~ 40 um to a local minimum at R ~ 200 pm, suggesting a gradually progressing fai-
lure of the involved attachment mechanism(s) with increasing roughness. Such failure
could be the cavitation of the liquid meniscus and hence the loss of capillary adhesion
(Barnes, 1999; Barnes et al., 2002; Crawford et al., 2016). Alternatively, a gradual
loss of effective contact area and of vdW forces with increasing roughness may lead to
adhesive failure, as aforementioned at lower roughness levels for the pads of lizards,
insects, and arachnids. For R > 200 um, adhesion seemingly increases again. This
may indicate mechanical interlocking of the whole toe pad with macroscopic surface
asperities (Barnes et al., 2002). Here, the distal phalanx, which in many species is
pointy (with a tip diameter of ca. 60 um in H. cinerea; Langowski et al., 2018b) and
extends distally into the subepidermal pad space (Manzano et al., 2007), may act as
‘internal claw’. Also, Huber et al. (2007) suggested for geckos that individual atta-
chment units (i.e. setae) can conform to the tops or sides of macroscopic substrate
asperities. A similar mechanism could apply to the individual epidermal cells on tree
frogs’ toe pads (Fig. 5.51.10).

Further work is required for an explanation of the attachment performance of tree
frogs on rough substrates. In order to test for the potential role of vdW forces, we
suggest the direct quantification of the conformability of tree frog toe pads to micro-
to macrorough substrates. Furthermore, a detailed analysis of the meniscus geometry
for different roughness levels is needed to illuminate the role of capillary adhesion in
tree frog attachment on rough substrates. Little is known about the substrates and
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roughness levels which tree frogs experience in their natural habitats (Moen et al.,
2013). As increasingly emerging in the field of gecko adhesion (Collins et al., 2015;
Elstrott & Irschick, 2004), we propose ecomorphological analyses of tree frogs’ toe
pads in order to explore correlations between parameters of pad morphology (e.g. of
the superficial epidermal cells; Smith et al., 2006b), ecology and natural substrate
properties, and attachment performance.

5.4.2 Maximum attachment performance of tree frogs

Using whole-animal rotation platform experiments, we measured mean tenacities of
approximately 2.5 mNmm ™2 and a peak tenacity of 8.8 mN mm 2. These values are
considerably higher than the tenacities of around 1 mNmm~2 measured in previous
rotation platform studies (Barnes et al., 2006; Emerson & Diehl, 1980; Hanna & Bar-
nes, 1991; Smith et al., 2006a,b). However, our results agree well with peak tenacities
of up to ca. SmNmm™?2 that were recently reported for single pads adhering to a
microrough substrate (Crawford et al., 2016). The deviation in tenacity from earlier
studies presumably relates to several factors. Most importantly, we measured the in-
stantaneous contact area before detachment of only the toe pads in contact, which is
smaller than the total surface area of all pads considered in previous studies. For ex-
ample, we found that tree frogs can generate sufficient adhesion with only two limbs
in contact, approximately doubling the tenacity compared to a situation where all
limbs are in contact. The falling angle measured here exceeds the values reported in
most other studies (Fig. 5.6). This deviation may relate to the used setup, substrates,
and the experimental animals. We specifically designed a stiff rotation platform to
reduce vibrations, the induction of stress, and hence the chance of ‘premature deta-
chment’ because of jumping of the animals. Moreover, we used frogs from a laboratory
population that were accustomed to handling and the setup in pilot trials. Other stu-
dies (Barnes et al., 2006; Smith et al., 2006a,b) relied on wild-caught animals, which
possibly are more susceptible towards stress during experimental handling.

Sometimes, the frogs swing backwards upon detachment of the forelimbs (Fig. 4),
which results in inertial forces acting in addition to the static body weight on the
pad-substrate interface. To estimate the magnitude of these inertial forces, the bac-
kwards swinging frog may be simplified as an oscillating pendulum. The maximum
tension acting in the string of a pendulum is three times its weight (Beléndez et al.,
2010). Assuming the swinging frog as pendulum, we estimate that the toe pads can
withstand a maximum load of around 26 mN mm™2, which lies close to the peak te-
nacity of 22mN mm~2 measured by Endlein et al. (2017). Assuming free fall of the
animals, inertial forces may be even higher, as indicated by peak forces of 130 mN
(Osteopilus septentrionalis, Hanna & Barnes, 1991) and 1270mN (estimated from
landing kinematics in Trachycephalus resinifictriz; Bijma et al., 2016) generated by
single pads and limbs during dynamic events.

In order to determine the ‘true’ maximum attachment performance of tree frogs in
whole-animal measurements, an accurate quantification of the inertial loads acting
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on the toes during dynamic events by a full inverse dynamics analysis is required.
Moreover, rather than studying the average attachment performance—as done here
and in previous work—we suggest for future studies a focus on an in-depth analysis
of peak performance situations (e.g. the peak performance for each individual on each
substrate), which was not possible here due to a too low sample number (n = 4). In
combination with whole-animal studies, we suggest the execution of single pad force
measurements under specified dynamic loading conditions, as done by Endlein et al.
(2017).

Overall, the results of this study indicate that the attachment performance of tree
frogs may be at least one order of magnitude higher than reported in earlier works.
This makes tree frogs an interesting model system for the development of biomimetic
high-performance adhesives in a wet environment. However, several questions re-
main unanswered: What is the real maximum attachment performance of tree frogs?
Which mechanisms do explain the generation of the high attachment forces? Ad-
dressing these questions is relevant for the future design of biomimetic adhesives
inspired by tree frog toe pads. For example, Drotlef et al. (2013) measured for a tree-
frog-inspired PDMS surface covered with hexagonal micropillars tenacities of around
2-4mNmm~2. Such technical adhesives may benefit significantly from a better un-
derstanding of the mechanisms determining the maximum attachment performance
of tree frogs.

5.4.3 Problems and perspectives

In this study, we used the rotation platform approach, which allows the collection of
relatively large data sets. Also, attachment can be studied for a relatively natural
body posture, because the artificial fixation of body parts performed in single pad
studies (Crawford et al., 2016; Endlein et al., 2017; Federle et al., 2006) is not requi-
red. However, rotation platform experiments also have drawbacks, which we discuss
below.

Friction and adhesion are computed from the angles of falling and sliding (see Equati-
ons 5.1a and 5.1b), respectively. This approach allows a quick and easy quantification
of whole-animal adhesion and friction. However, the two forces are inherently cou-
pled due to the performed vector composition of the body weight. Hence, the normal
load pulling the animal off the substrate (which equals adhesion at the moment of
detachment) cannot be controlled independently of the parallel load dragging the frog
along the substrate (which equals static friction at the onset of sliding; Fig. 5.7), and
vice versa. For example, sliding occurred at a range of angles, for which the normal
load was compressive as well as tensile, and at angles just before falling parallel loads
varied by approximately 50% of the body weight (Fig. 5.7). In tree frogs, adhesion de-
pends on the amount of the shear load before detachment (Barnes et al., 2008; Endlein
et al., 2017), and—although to our knowledge not substantiated by measurements—
friction also depends on normal loading [e.g. in Coulomb friction (Israclachvili, 2011)
or in lubricated systems (Pitenis et al., 2014)]. Therefore, the interdependency of
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normal and shear loading in rotation platform experiments presumably leads to an
artificially increased variation of the measured forces.
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For evaluation of the adhesive whole-animal performance of tree frogs, we measured
the instantaneous contact area of only the toe pads making contact with the sub-
strate just before detachment. In previous works (Barnes, 1999; Hanna & Barnes,
1991; Smith et al., 2006a,b), it was assumed that the contact area is formed by the
ventral surface areas of all toes of an individual, which presumably has led to an
underestimation of the tenacity of tree frogs. Therefore, this study is an important
step towards a more accurate quantification of the attachment performance, and an
understanding of the fundamental attachment mechanisms of these animals. Such
an understanding requires a detailed analysis of the fractions of the overall contact
area, which are effective in the generation of wet and dry contact forces, respecti-
vely, and of the effective contact area on rough substrates. Such an analysis cannot
be achieved with the FTIR technique used here. In future studies, optical methods
(e.g. interference reflection microscopy; Crawford et al., 2016; Federle et al., 2006) or
mechano-sensitive substrate coatings (Neubauer et al., 2016) could be used to measure
the detailed characteristics of the contact area.

The quantification of the frictional performance of tree frog toe pads is confounded by
several factors. During sliding, large fractions of the contact area are formed by the
belly and other body portions, which has also been shown elsewhere (Endlein et al.,
2013, 2017). As the belly and other body portions can contribute considerably to the
attachment of tree frogs (Endlein et al., 2013), the rotation platform is inappropriate
for the analysis of the frictional performance of tree frogs’ toe pads. Also, when
analysing sliding at angles of around 90°, it seemed that individuals of H. cinerea
started sliding with their frontlimbs but could still resist sliding with their hindlimbs.
This observation indicates that the assumption of equal loading of all toes is not
fulfilled, as to be expected for the required moment balance during steady attachment
(Langowski et al., 2018b). Such an unequal load distribution may also occur at the
angle of falling, reducing the effective measured adhesion. Differences in the sliding
of single toes may also explain the larger variation in sliding angles com-pared to
the measured falling angles. Lastly, it is difficult—if not impossible—to quantify the
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willingness of a tree frog to attach to a substrate. We found a relatively large variation
of the falling angles per substrate and species, and of the number of successful trials
per individual. In future rotation platform experiments, such behavioural differences
among individuals may be considered, for example by including individual variability
as random effect in the statistical model, as done in this study.

Statistical models such as the linear mixed-effects model used here may help to cope
with the large variation in rotation platform studies. Temperature and relative air
humidity should be controlled to test for the effects of variations of these parameters
on tree frog attachment. Complementarily, single pad measurements with controlled
shear loads in adhesion measurements and vice versa, as in (Barnes et al., 2008; End-
lein et al., 2017), will help to deepen the understanding of tree frog attachment.

5.5 Conclusions

What is the maximum attachment performance of tree frogs on rough substrates? We
address this question by measuring the whole-animal attachment performance of the
tree frog species Litoria caerulea and Hyla cinerea on smooth, micro-, and macrorough
substrates using a rotation platform setup. The adhesive performance of the toe pads
of tree frogs is insensitive towards variations in substrate roughness up to a nomi-
nal roughness of ca. 40 pm. At higher roughness levels up to R = 200 pm, adhesion
decreases significantly compared to lower roughness levels. The absence of a sudden
increase in attachment performance when increasing the roughness from smooth to
microrough, and the absence of a stepwise decline in attachment performance when
further increasing the roughness negate a contribution of mechanical interlocking to
tree frog attachment. Further work is required to elucidate if variations in substrate
roughness affect attachment force generation by capillary adhesion or by vdW inte-
ractions (or by both mechanisms). Tree frogs were able to remain attached with only
two limbs in contact with an overhanging substrate. In agreement with recent stu-
dies, the tenacity of the toe pads reaches peak values of up to 8.8 mNmm~2, which is
almost one order of magnitude higher than reported previously. Inertial forces have
to be considered in the quantification of the maximum attachment performance, and
we estimate that the maximum tenacity of tree frogs’ toe pads may be as much as

26 mN mm 2.
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5.5 Supporting information

5.51.1 Symbols and abbreviations

5.51.1.1 List of symbols

Table 5.SI.1 List of Roman (top) and Greek (bottom) symbols in alphabetical order.

arbitrary unit.

Symbol Unit Description

A m? Contact area

CI var. Confidence interval

DF - Degrees of freedom

F - F-statistic

Fy N Body weight

F N Adhesion

F N (Static) friction

H % Relative air humidity

lsy m Snout-vent-length

m kg Body mass

n - Number of measurements

p - p-value

R m Nominal roughness

R, m Arithmetic average roughness
RMS m Root mean squared roughness
S m Total roughness height

Sk m Core roughness depth

Spk m Reduced peak height

Svk m Reduced valley depth

SE var. Standard error

T °C Air temperature

t - t-statistic

«a - Significance level

o) ° Falling angle

o ° Sliding angle

o7 Jm—2 Free surface energy

Yd Jm—2 Dispersive surface energy component
Yp Jm—2 Polar surface energy component
o Nm~2 Tenacity
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5.51.1.2 List of abbreviations

Table 5.SI.2 List of abbreviations.

Abbreviation Description

FTIR Frustrated total internal reflection
LED Light-emitting diode

OWRK Owens-Wendt-Rable-Kaelble
PDMS Polydimethylsiloxane

vdW van der Waals

WUR Wageningen University & Research

5.51.2 Substrate characterisation

5.51.2.1 Surface roughness

To characterise the height profiles and roughness of the used substrates, we used a VR~
3100 3D measuring macroscope for the macrorough substrate (Keyence, Japan) and a
New View 6000 white light interferometer for the smooth, 0.1 pm, 0.5 pm, 6 pm, and
15 pm substrates (Zygo, USA), respectively. Fig. 5.S1.2 shows characteristic examples
of the surface profiles of these substrates. For white light interferometry, the analysed
areas are 1.4-1.05 mm? and 0.14-0.11 mm? for 5x and 50 x magnification, respectively.
For the profilometer, areas of 24.13 - 18.10 mm? and 2.53 - 1.90 mm? were analysed
for 12x and 120x magnification, respectively.

Per substrate, the height profile characteristics of the analysed patches varied only
slightly with scanning location, as shown by the good overlap of the bearing area
curves (Figs. 5.51.3,5.51.4), which were measured per substrate at 10 randomly dis-
tributed locations. Also the core roughness depth Sk, the reduced peak height Sp,
and the reduced valley depth Syi, which were computed from these curves following
ISO 13565-2:1996 (see Fig. SI.5.SI.1), varied only little among the 10 measurements
per substrate (Fig. 5.51.5).

The general increase in variation of the bearing area curve parameter values of the
6 pm and the 15 pm substrate with increasing magnification is explained by the avera-
ging of irregular surface patches at lower magnification. At higher magnification, the
probability of capturing such irregularities is higher. Unless mentioned otherwise, we
report values at low magnification.

The smooth substrate has roughness parameters below 100nm. A reduced valley
depth Syi of 73.3+22.4nm indicates the presence of dimples, which are also seen in
Fig. 5.51.2. These dimples presumably originate from the entrapment of air bubbles
during the manufacturing process. When scanning the smooth patches between these
dimples at high magnification, Sy drops to 3.1+0.6 nm. The smooth surface does
not bear protruding structures (Spk = 4.7£2.1nm at 50x magnification).
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Figure 5.SI.1 Analysis of the bearing area
curve. To determine the core roughness depth
Sk, a linear fit is applied to the data over a range
of 40% of bearing ratio. By shifting this 40%-
window, the most horizontal curve (i.e. highest
slope) is identified. Sk is the difference in height
between the points where this fitted line inter-
cepts the verticals drawn through 0% and 100%
of bearing ratio (i.e. the core region). The re-
duced peak height Sp,i is determined as follows:
First, the area under the bearing area curve be-
tween 0% and the bearing ratio of the top edge
of the core region is computed. Then, an area-
equivalent triangle is created. Sy is the height
of that triangle. The reduced valley depth Sy
is computed analogously for the lower edge of
the core region. The total roughness height Stot
is the sum of Sy, Spi, and Syy.

The 0.1 pm and the 0.5 pm substrate have a core roughness depth Sy of 1.5240.08 pm
and 1.7240.05 pm, respectively, which is higher than for the 6 pm (0.82+0.06 pm) and
the 15 pm substrate (0.80+0.05 pm), indicating a more gradual increase of bearing ra-
tio with a change in height, and hence a less rapid transition between peak and core
region for the two less rough substrates. The peaks of the 0.1 pm and the 0.5 pm
substrate are 0.35£0.04 pm and 0.444-0.06 pm high, the valleys are 0.55+0.03 pm and
0.3340.01 um deep. The steeper bearing area curve (and accordingly the higher core
roughness depth) of the 0.5 um substrate compared to the 0.1 pm substrate may ex-
plain why the 0.1 pm substrate has a lower reduced peak height Spi than the 0.5 pm
substrate.

The low core roughness depth of the 6 pm and 15um substrate can also be seen
in Fig. 5.S1.2, where the greenish regions represent the approximate core roughness
regions. These two substrates carry higher asperities than the 0.11um and 0.5 pm
substrate (Spx = 1.66+0.04 pm and 2.67+0.32pm). As the slopes around the as-
perities could not get measured properly with white light interferometry, the peak
height presumably is underestimated. Interestingly, the valleys are less distinct than
for the 0.1 um and 0.5 pm substrate (Syx = 0.2440.02 pm and 0.244-0.02 pm). This
may be explained by the structure of the original polishing papers. These are made
from diamond particles coated on a polyester backing layer. Whereas for the 0.1 pm
and 0.5 pm substrate these particles completely cover the backing layer, for the 6 pm
and 15 pm substrate the backing layer may partially lie open, resulting in a relatively
smooth base surface.

5.51.2.2  Free surface energy

To determine the free surface energy—including the polar and non-polar dispersive
free surface energy component—of the used substrate material, five samples were
cut after animal experimentation from the smooth substrate, cleaned with 100%
ethanol and demineralised water, and dried with pressurised air. Per sample, five
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Figure 5.SI.2 Characteristic height profiles of the test substrates measured with white-light-
interferometry (smooth, 0.1 pm, 0.5 pm, 6 pm, 15 pm; top rows: 5x magnification; bottom rows:
50X magnification) and with profilometry (macrorough; top: 12x magnification; bottom: 120x
magnification). The surface profiles are corrected for a cylindrical base surface. Colorbars indicate
the profile height in pm. Black arrowheads: Nanoscopic dimples in the smooth substrate. Grey
arrowheads: Scratches in the smooth substrate. Stars: Slopes of surface asperities and deep valleys
(rough substrate) that could not get measured with the available methods.
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Figure 5.S1.3 Bearing area curves (also termed Abbot-Firestone curves) for the substrates ana-
lysed with white light interferometry (5x magnification). Per substrate, the bearing area curve
was measured at 10 different, randomly distributed locations on the substrate surface (indicated
by the different colours of the curves).
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Figure 5.SI.4 Bearing area curves for the substrates analysed with white light interferometry
(50x magnification).

167



Attachment on rough substrates

Figure 5.SI.5 Characteristic parameters of the bearing-ratio-curves shown in Figs. 5.51.3 and
5.51.4 analysed according to ISO 13565-2:1996. Boxes indicate median and 25th and 75th per-
centiles (n = 10 per boxplot). Values that are located more than 1.5 times the interquartile
range above or below the boxes are shown as outliers. Horizontal lines indicate combinations of
roughness parameter values that are not significantly different from each other. Sk core roughness
depth, Spy reduced peak height, S,y reduced valley depth, Stot total roughness height.
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contact angle measurements with 2 pl drops of each water, diilodomethane, and et-
hylene glycol were performed using an OCAH 200 contact angle measuring system
(DataPhysics Instruments, Germany; Table 5.51.3). Using the sessile drop approach
(drop dosage rates of 0.5 pLs~! for water and 0.59 nLs~! for diiodomethane and et-
hylene glycol) and surface tensions of the liquids according to Busscher et al. (1984)
and Birdi (2009), we computed a free surface energy of v = 39.2mJm~=2 (dispersive
component v4 = 30mJm~2, polar component v, = 9.2mJm~?) with the Owens,
Wendt, Rable, and Kaelble (OWRK) method (Owens & Wendt, 1969) using SCA
20 (Vers. 3.12.11, DataPhysics Instruments). The measured surface energies are in
good agreement with values for polyurethanes reported in literature (e.g. Busscher
et al., 1983: v = 39mJm~2, 74 = 32mJm~2; Vargo et al., 1991: v = 37.8mJm~2,
v =351mJm~2).

5.51.3 Measurement of the instantaneous contact area

Figure 5.S1.6 Exemplary dynamics of the instantaneous contact area as a function of platform
angle, and definition of the static contact area before detachment.
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Table 5.SI.3 Overview of the static contact angle measurements. n number of measurements.

Average of left and right contact angle [°]

Sample " Diiodomethane Water Ethylene glycol
1 43.72 74.49 47.83
2 42.88 74.54 46.38
1 3 41.57 75.22 46.08
4 39.28 73.43 47.97
5 41.33 73.16 47.20
mean [°] 41.75 74.17 47.09
standard deviation [°] 1.69 0.85 0.84
standard deviation [%)] 4.05 1.15 1.79
1 37.25 74.16 51.68
2 35.77 74.85 49.89
2 3 35.78 73.52 48.90
4 36.12 74.36 48.96
5 37.03 73.58 48.59
mean [°] 36.39 74.09 49.60
standard deviation [°] 0.70 0.56 1.26
standard deviation [%)] 1.93 0.75 2.54
1 37.54 70.63 47.78
2 38.67 68.92 48.05
3 3 38.26 68.21 47.43
4 37.94 70.94 47.93
5 38.23 70.59 49.27
mean [°] 38.13 69.86 48.09
standard deviation [°] 0.42 1.21 0.70
standard deviation [%)] 1.10 1.73 1.45
1 39.91 72.90 44.32
2 39.00 70.95 47.32
4 3 39.58 69.84 45.54
4 37.30 70.55 47.17
5 38.23 71.66 48.24
mean [°] 38.80 71.18 46.52
standard deviation [°] 1.05 1.16 1.57
standard deviation [%)] 2.72 1.64 3.37
1 38.30 70.83 46.75
2 39.01 71.43 46.43
5 3 37.74 69.98 47.09
4 37.76 69.79 48.16
5 37.70 69.59 47.59
mean [°] 38.10 70.32 47.20
standard deviation [°] 0.56 0.78 0.69
standard deviation [%] 1.48 1.11 1.45
A mean [°] 38.64 71.92 47.70
verage e
over samples standard deviation [°] 1.96 2.07 1.20
standard deviation [%] 5.07 2.88 2.52
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5.51.4 Model diagnostics
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Figure 5.SI1.7 (A) Predicted versus measured falling angle o . (B) Distribution of residuals of
linear mixed-effects model. (C) Dependency of residuals on body mass m. (D) Dependency of
residuals on predicted falling angle o .
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5.51.5 Interspecific comparison of the adhesive surface patterns
on the digital pads of tree frogs

Figure 5.S1.9 Comparison of the adhesive surface structures formed by the ventral epidermis in
the digital pads of the tree frogs (A) Hyla cinerea and (B) Litoria caerulea. Per species, the main
image shows a sagittal section through the ventral epidermal cell layers, with the most apical layer
forming the adhesive surface pattern. The insets are scanning electron micrographs showing the
ventral pad surface. (A): Ernst, 1973a; inset: modified after Linnenbach (1985). (B): Nakano &
Saino, 2016; inset: modified after Nokhbatolfoghahai (2013).

5.51.6 Explanatory model

Figure 5.SI.10 Hypothesised explanatory model of the attachment of a tree frog’s toe pad
(turquoise, soft pad; dark brown, phalanges; light brown, intercalary element; blue, secreted
mucus) to smooth and rough substrates. The pad can conform closely to a smooth substrate,
hence allowing the generation of ‘dry’ van der Waals forces in addition to ‘wet’ attachment forces
such as capillary or hydrodynamic adhesion. On microrough substrates, the low pad stiffness of
the pad and the micro- and nanoscopic structures on the pad surface help—in addition to mucus
secreted by tree frogs filling gaps in between pad and substrate—to avoid attachment failure. At
an intermediate roughness (R & 200 pm), these mechanisms largely fail and attachment forces
are minimal. At even higher macroscopic roughness levels, the pad may be able to conform to
parts of the substrate asperities, potentially ‘reenabling’ dry and wet attachment mechanisms.
Additionally, mechanical interlocking of the whole digital tip may contribute to attachment.
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CHAPTER 6

General discussion

In this thesis, I attempt to provide an integrative analysis of the attachment ap-
paratus of tree frogs, hence contributing to the understanding of nature’s adhesive
systems, and of anuran biology. Furthermore, I aim to provide input for the design
of novel biomimetic adhesives inspired by tree frogs. The attachment apparatus of
tree frogs and its underlying attachment mechanisms are a complex area with con-
tributions from biology, physics, material sciences, chemistry, and related fields. The
ability of tree frogs to attach after jumping to smooth substrates such as glass has
fascinated researchers for centuries (Gatesby, 1743; Rosel von Rosenhof, 1758), and
recently inspired the design of biomimetic adhesives emulating the digital pads of tree
frogs. Most previous studies focused on the epidermal surface of the pads, providing
an extensive body of literature on the role of surface structuring in tree frog atta-
chment (see CHAPTER 2 for a review). However, a comprehensive explanation of the
mechanisms of tree frog attachment and of the factors that affected the evolutionary
development of the adhesive system of these animals is still unavailable, which may
be partially due to a gap of knowledge on the internal pad architecture.

To deepen the understanding of tree frog attachment, I studied the digital pads of tree
frogs and their attachment performance from different perspectives. In CHAPTER 2,
I provided a synthesis of the status quo of knowledge on tree frog attachment, ran-
ging from the functional pad morphology to experimental findings in support of the
various hypothesised mechanisms of tree frog attachment, and identified gaps in the
existing knowledge. The outcomes of this review stimulated the research presented
in the subsequent chapters. To analyse the functional morphology of subepidermal
structures and the pathways of force transmission between adhesive epidermis and
internal skeleton, I studied the internal pad morphology in 3D and—with the help of
numerical optimisation—provided a functional interpretation of the identified colla-
genous and muscular structures of force transmission (CHAPTER 3). As the digital
mucus has been repeatedly hypothesised to facilitate ‘wet adhesion’ (e.g. Barnes et al.,
2011; Emerson & Diehl, 1980; Hanna & Barnes, 1991; Nachtigall, 1974), I investigated
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in CHAPTER 4 the mucus chemistry and the morphology of the glands secreting it,
aiming for a functional understanding of these components of the adhesive system.
Finally, T tested a hypothesised contribution of mechanical interlocking to the atta-
chment of tree frogs by systematically analysing the effects of variations in substrate
roughness on the attachment performance of tree frogs (CHAPTER 5).

In the following discussion, I put the findings of my PhD research into a wider context.
For a discussion of arguments for and against the various mechanisms of tree frog
attachment suggested in the last two centuries, I integrate in Section 6.1 the most
important findings of CHAPTERS 2 to 5 with the existing literature on the attachment
of tree frogs and tree-frog-inspired adhesives. Phylogenetic arguments are largely
missing in the research on tree frog attachment. As such arguments help to understand
the functioning of a bioadhesive system (e.g. Irschick et al., 1996), I illuminate in
Section 6.2 the findings of this thesis and of previous works in the context of evolution
and phylogenetics. In particular, I address the previously hypothesised convergent
evolution of the digital pads of tree frogs. In Section 6.3, I provide an outlook on the
design of novel tree-frog-inspired adhesives based on the findings of this thesis. Finally,
I address the key questions arising from the discussion of bioadhesion, evolutionary
history, and biomimetics of tree frog attachment, and discuss steps required to answer
these questions, as well as challenges in doing so (Section 6.4).

6.1 How do tree frogs attach?

A number of hypothesised mechanisms recurred in previous research on tree frogs
to explain the attachment of these animals (Fig. 6.1). Most of these mechanisms
were under debate already in the 19th century. To my knowledge, suction generated
by the whole digital pad is the earliest theory of tree frog attachment (Gatesby,
1743). The freestanding epidermal cells on the ventral pad surface were proposed
to facilitate mechanical interlocking with substrate asperities (Ernst, 1973a; Leydig,
1868). Moreover, the concept of ‘adhesion’ of the ventral epidermal cells to a substrate
was put forward (Schuberg, 1891), which later was rephrased as the action of van der
Waals (vdW) forces (Emerson & Diehl, 1980). The mucus secreted onto the surface of
the digital pads of tree frogs has been proposed quite early to facilitate wet adhesion,
both in the form of capillary (Nachtigall, 1974; v. Wittich, 1854) and hydrodynamic
(Emerson & Diehl, 1980) forces. Nowadays, wet adhesion is the commonly used
explanation of tree frog attachment (e.g. Crawford, 2016; Endlein & Barnes, 2015;
Kappl et al., 2016), which, however, is not sufficiently supported by experimental
data (CHAPTER 2).

6.1.1 Mechanical interlocking

Mechanical interlocking has been hypothesised to occur between asperities of rough
substrates and individual superficial cells of the ventral pad epidermis (Crawford
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Figure 6.1 Schematic depictions of the mechanisms proposed previously to explain tree frog
attachment. The mechanisms are classified by the need for liquid as attachment agent (‘dry’ vs.
‘wet’) and by the predominant orientation of the generated attachment force with respect to the
substrate (adhesion normal to the substrate vs. friction parallel to the substrate).

et al., 2016; Emerson & Diehl, 1980) or individual nanopillars, respectively (Kom-
nick & Stockem, 1969). Hence, the superficial epidermal structures were suggested
to function—analogously to claws in lizards (Russell, 1975) or insects (e.g. Bullock
& Federle, 2011; Dai et al., 2002)—as micro- and nanoscopic hooks (Fig. 6.1; CHAP-
TER 2). Our experimental quantification of the effects of variations in substrate
roughness on tree frog attachment performance (CHAPTER 5) shows that tree frogs
adhere equally well to nano- and microrough substrates as to smooth ones. This
observation disagrees with the expected increase in attachment performance when
roughness exceeds a critical threshold, which has been observed in various other bi-
ological systems using mechanical interlocking (Bullock & Federle, 2011; Dai et al.,
2002; Ditsche-Kuru et al., 2012). Moreover, with an effective elastic modulus in the
order of 10kPa (CHAPTER 2), the digital pads of tree frogs arguably are not stiff
enough to maintain the adductive contact with the asperities of a rough substrate
required for interlocking (Cartmill, 1974). Based on these considerations, I reject a
contribution of mechanical interlocking to tree frog attachment.

6.1.2 Suction

Suction has been suggested to occur on the level of the whole digital pad (Gatesby,
1743), of single epidermal cells (Leydig, 1868), and of individual nanopillars (Scholz
et al., 2009). The attachment performance of tree frogs is not affected detrimentally by
a reduction of the environmental pressure (Emerson & Diehl, 1980; Schuberg, 1891),
disagreeing with a contribution of suction to tree frog attachment. Also, biological
suction systems typically are soft, have a concave adhesive surface, show modifications
of the outer perimeter of the adhesive surface for effective sealing of the suction vo-
lume, and contain muscular structures to generate suction (e.g. Ditsche & Summers,
2014; Gorb, 2008; Kier & Smith, 2002). Whereas the digital pads of tree frogs are
soft, the pads appear convex in an unloaded state (CHAPTER 2), I am not aware of a
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deviation from the ‘regular’ surface patterning towards the perimeter of the ventral
pad surface, and the pads do not contain active structures suitable for the creation of
suction pressure (CHAPTER 3). Arguably, one would expect such structures to con-
nect approximately centrally and axial-symmetrically to the adhesive surface to avoid
local stress concentrations at the interface. A collagenous septum is the only structure
connecting roughly centrally to the ventral epidermis (CHAPTER 3). However, the
septum spans the full width of the pad and presumably stresses the perimeter of the
contact surface when loaded, hence compromising the speculated partial vacuum. Fi-
nally, I did not find muscular structures that would allow targeted lifting of the apical
surfaces of individual epidermal cells or nanopillars, excluding the local occurence of
suction. Overall, I conclude that suction is negligible in tree frog attachment.

6.1.3 Wet adhesion

6.1.3.1 Hydrodynamic adhesion

Hydrodynamic adhesion describes the generation of normal attachment forces based
on the creation of flow of a viscous liquid between adhesive and substrate (Stefan,
1874). Several observations suggest that tree frogs do not employ hydrodynamic ad-
hesion for attachment (CHAPTER 2): Hydrodynamic adhesive forces typically scale
with the contact area squared, whereas in tree frogs adhesion tends to scale with con-
tact area (Smith et al., 2006b). Furthermore, hydrodynamic adhesion is a function
of detachment velocity (Stefan, 1874), potentially non-Newtonian mucus viscosity
(CHAPTER 4), and viscoelastic properties of the digital pad (Barnes et al., 2011;
Scholz et al., 2009), and hence highly rate-dependent. A sophisticated neuromuscular
control system would be required to modulate the generated adhesion. Such a system
would have to function rapidly to enable quick attachment (and detachment) of tree
frogs during dynamic events such as jumping. To my knowledge, such a system is
unreported in tree frogs. Importantly, hydrodynamic forces act against the direction
of movement of an adhesive (CHAPTER 2). This counteracts rapid detachment ma-
noeuvres, for example to escape a predator, and hinders the formation of close contact
and the generation of vdW forces between pad and substrate.

These considerations render hydrodynamic adhesion a disadvantage rather than an
evolutionary benefit in tree frog attachment. In fact, experiments on bioinspired mi-
cropatterned surfaces (Dhong & Fréchette, 2015; Gupta & Fréchette, 2012) suggest
that the micro- to nanoscopic pillar-channel pattern on the ventral pad epidermis
promotes drainage of interstitial mucus. The convex pad surface also helps to re-
duce repulsive hydrodynamic force during contact formation in a submerged pad
(CHAPTER 2). For a rigid adhesive under constant load, drainage not only supports
the formation of close contact when approaching the substrate (CHAPTER 2), but also
reduces the hydrodynamic adhesion during detachment. A modification of the inters-
titial gap geometry after contact formation would be required to facilitate hysteretic
hydrodynamic forces, with weak repulsion during approach and strong adhesion du-
ring detachment (Persson, 2007). To my knowledge, such a mechanism is unreported
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in frog pads. Overall, the functional morphology of the pad appears to counteract
hydrodynamic adhesion, hence disagreeing with an important role of this mechanism
in tree frog attachment.

6.1.3.2 Capillary adhesion

A contribution of capillary adhesion to tree frog attachment has been proposed pre-
viously based on several observations (CHAPTER 2): (i) A mucus meniscus is present
in between digital pad and substrate (Emerson & Diehl, 1980); (ii) a simplified expe-
rimental model of capillary adhesion between two glass plates shows similar adhesive
tenacities as measured for tree frogs (Nachtigall, 1974); (iii) tree frog adhesion scales
linearly with the contact area as predicted by a simplified analytical model of capillary
adhesion (Emerson & Diehl, 1980); (iv) on rough substrates, the addition of water
prevents a decrease in attachment performance, which may be explained by preser-
vation of the liquid meniscus (Barnes, 1999). None of these observations, however,
unambiguously supports a contribution of capillary adhesion (CHAPTER 2).

The volume of available mucus, which determines the size of the contact area covered
by the meniscus, and the mucus chemistry, which governs the effective surface tension
of the capillary bridge, are important parameters in the analysis of capillary adhesion
in tree frogs. As shown in CHAPTER 4, the ventral digital mucus glands of the tree
frog Hyla cinerea have a total volume of 38 nL. per pad, which is sufficient for the
formation of a capillary bridge covering the whole ventral pad surface. However, we
also detected lipid-like constituents of tree frog mucus (CHAPTER 4). Such molecules
likely act as surfactants—indicated also by the low contact angles of tree frog mucus
on various substrates (Drotlef et al., 2013)—that reduce the effective surface tension
and the generated capillary adhesion (see Equations 1 and 2 in CHAPTER 2).

A discussion of analogies between existing tree-frog-inspired adhesives and the digital
pads of tree frogs provides further insight into the capillary adhesion of these animals.
The ‘wet’ adhesion of tree-frog-inspired micropatterned adhesives bearing hexagonal
micropillars similar in size to the epidermal cells covering the ventral pad surface (see
Fig. 6.4 for examples) is comprised of a long-range component (i.e. capillary adhesion)
and a short-range component (i.e. vdW forces; Drotlef et al., 2013; Li et al., 2018a).
In full wetting, which is expected for the pads of tree frogs given the presence of
surfactant-like molecules in their mucus (CHAPTER 4), capillary forces account for
ca. 45% of the total adhesion (Li et al., 2018a), suggesting that capillary adhesion is
not the prevailing adhesion mechanism. Interestingly, micropatterning was found to
reduce the ‘long range’ of capillary forces, as the liquid forming the capillary bridge
is distributed in the inter-pillar channel network (Drotlef et al., 2013). Accordingly,
micropatterning may counteract the proposed capillary adhesion of tree frogs.

Overall, a contribution of capillary adhesion in tree frog attachment cannot be ex-
cluded. Analyses of the chemical mucus composition, physical mucus properties, and
the capillary pressure in the pad-substrate gap are needed to illuminate the exact size
of the contribution of capillary adhesion. Whereas capillary adhesion may generate a
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part of the adhesion of tree frogs, capillary forces do not explain the friction (and the
measured shear-dependence of the adhesion; Endlein et al., 2017) of frog pads (Federle
et al., 2006; CHAPTER 2), indicating the action of other attachment mechanisms such
as vdW forces.

6.1.4 Van der Waals forces

Antithetically to wet adhesion, the presence of a mucus film between digital pad and
substrate has been proposed to prohibit a contribution of vdW forces to tree frog at-
tachment (Emerson & Diehl, 1980; CHAPTER 2). We showed with a simple analytical
model that liquid in the pad-substrate gap does not per se impede vdW interacti-
ons, given a sufficiently low gap width of less than 2.5-6.7nm and a homogeneous
distribution of mechanical stress across the contact area (CHAPTER 2).

Federle et al. (2006) measured gap widths < 5nm for a considerable fraction (~40%)
of the ventral pad surface of Litoria caerulea in contact with a smooth glass slide,
supporting fulfillment of the first aforementioned condition. Close enough contact for
the generation of vdW forces presumably is facilitated by drainage of interstitial liquid
through the channel network between the freestanding epidermal cells and nanopil-
lars. Drainage also occurs in tree-frog-inspired adhesives, especially on hydrophylic
substrates (e.g. Chen et al., 2015; Drotlef et al., 2013; Iturri et al., 2015). As a result,
vdW forces can contribute significantly to adhesion in a wet environment (ca. 55% of
the total adhesion; Li et al., 2018a).

A functional analysis of the internal pad morphology (CHAPTER 3) suggests fulfill-
ment of the second condition as well. If present, vdW forces are likely to occur between
the apical portions of the ventral pad surface and the substrate. In H. cinerea, the
ventral pad surface is mechanically linked with the middle phalanx via a sequence of
tonofilament bundles that reinforce individual nanopillars, traverse the epidermis, and
connect to dermal collagen fibres. When loaded during attachment, this sequence of
force-transmitting structures may support the equalisation of contact stresses across
the pad surface (CHAPTER 3), thus supporting the used model of vdW interactions.
An analogous mechanism has been demonstrated in micropatterned adhesives bea-
ring composite micropillars, which mimic the epidermal cells of tree frogs and the
tonofilaments therein (Xue et al., 2017). The enhanced attachment performance of a
fibre-reinforced adhesive is explained by (i) a hindered crack initiation resulting from
reduction and homogenisation of contact stresses, and (ii) crack arresting due to the
staggered arrangement of the nanofilaments within a pillar (Xue et al., 2017). These
mechanisms may also occur in frog pads, albeit in an altered form, as the epidermal
cells and tonofilaments therein are skewed (CHAPTER 3). Characterisation of the spa-
tial distribution of contact stresses at the level of single nanopillars, epidermal cells,
and the whole pad surface is required for the validation of a mechanism of contact
stress equalisation in tree frog pads (Section 6.3).

Further support for a contribution of vdW forces to tree frog attachment is found in
the functional morphology and chemistry of the digital pads:
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e As mentioned above, vdW forces would be expected to occur primarily bet-
ween the apical surfaces of individual nanopillars and the substrate. The ob-
servation of the tonofilaments—and hence of the primary pathways of force-
transmission—connecting to the apical nanopillar surfaces (CHAPTER 3) indi-
cates the local generation of attachment forces, possibly via vdW interactions.

e A thin layer of electron dense material lines the apical membrane of the nano-
pillars, possibly enhancing the Hamaker constant of the pad-substrate complex
(CHAPTER 2).

o The presence of lipid-like surfactants in tree frog mucus (CHAPTER 4) arguably
stabilises the interstitial mucus film with sub-pm-thickness and hence reduces
the amount of generated vdW forces, as shown in a technical system (Li et al.,
2018b). Tree frogs may actively alter the concentration of surfactants in the
mucus to modulate attachment strength.

Next to considerations of the functional pad morphology, several experimental obser-
vations provide support for the action of vdW forces:

e The approximately linear scaling of friction with body mass—and thereby with
normal load—agrees with dry friction and hence with vdW forces (CHAPTER 2).

e Adhesion and friction of tree frog pads increase when pulling the pads proximally
(Endlein et al., 2017; Personal communication, W. Federle). Such pulling mo-
vements presumably facilitate drainage of interstitial mucus, hence decreasing
the pad-substrate gap width (Hutt & Persson, 2016), increasing the generated
vdW forces, and explaining the measured rise in attachment forces. Proximal
pad pulling is also observed in unrestrained frogs (CHAPTER 3).

o Adding detergent to the mucus of an attaching frog causes the total failure of
attachment (i.e. 0mN attachment force; Green, 1981). The added surfactants
may strengthen the interstitial mucus film against collapse (Li et al., 2018b),
hence causing the loss of vdW forces, and attachment failure.

In conclusion, vdW forces can, in theory, contribute significantly to tree frog atta-
chment, which is supported by interpretations of the functional pad morphology and
of experimental observations on tree frogs and the artificial adhesives inspired thereof.
However, elaborate analytical, experimental, and computational methods are needed
to test for the role of vdW forces in tree frog attachment (see Section 6.3). In future
studies, vdW forces should not be considered independently, but in interaction with
viscous friction and lubrication (CHAPTER 2).

6.1.5 Concluding remarks

Based on the antecedent discussion, I conclude that suction and mechanical inter-
locking are negligible in tree frog attachment. A contribution of hydrodynamic ad-
hesion cannot be excluded, but, if present, presumably is a consequence of having a
wet skin rather than a primary attachment mechanism. Capillary adhesion and vdW
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forces appear to be the most significant known mechanisms of tree frog attachment.
Overall, I hypothesise that tree frog attachment relies on a combination of wet and dry
adhesion, with dry adhesion as primary mechanism, and with potential contributions
of yet unknown mechanisms (CHAPTER 2).

6.2 Evolutionary aspects of tree frog attachment

In addition to the aforementioned arguments regarding biomechanics and bioadhe-
sion, phylogenetic and evolutionary arguments contribute to an understanding of the
fundamentals of tree frog attachment. Exploring the phylogeny of amphibians helps
to examine the proposed convergent evolution of the digital pads of tree frogs (e.g.
Barnes et al., 2013; Green, 1979) and, if present, to identify pad components that
evolved convergently. Identifying these components as well as the constraints and re-
quirements that shaped their evolutionary history is also beneficial for biomimetics, as
evolutionary convergence may indicate an ‘optimal’ design useful for the development
of biomimetic adhesives (Barnes, 2012).

6.2.1 The digital pads of tree frogs, a convergent system?

Although the phylogenetic relationships among anuran clades are not entirely solved
(e.g. Faivovich et al., 2005; Frost et al., 2006, 2008; Pyron & Wiens, 2011; Wells,
2007; Wiens, 2007), it appears that adhesive digital pads are found in different, only
distantly related anuran groups. Species with enlarged pads were identified within
the globally distributed neobatrachian superfamilies Hyloidae, Ranoidae, and Micro-
hyloidae (Barnes et al., 2013; Emerson & Diehl, 1980; Federle et al., 2006; Liem, 1970;
Manzano et al., 2007; Wells, 2007). All three superfamilies also include species with
digital surface patterning on a cellular level (i.e. freestanding epidermal cells) and on
a subcellular level (i.e. nanopillars; Fig. 6.2). The distribution of adaptations towards
an arboreal lifestyle over a wide range of neobatrachian species has been interpreted
as a sign of convergent evolution (Barnes et al., 2013, 2011; Hertwig & Sinsch, 1995;
Liem, 1970; Scholz et al., 2009).

As shown in CHAPTERS 3 and 4, the internal pad morphology has important functions
too, such as the transmission of generated attachment forces and the secretion of
mucus. A discussion of the distribution of the morphological elements identified and
discussed in CHAPTER 3 (distal lymph space, collagen ridges, pad-intrinsic muscle
fibres) across anurans is hindered by the small number of observations (Table 6.1). In
contrast, the digital mucus gland cluster described in CHAPTER 4 has been reported
or depicted in a surprisingly large number of references (although rarely mentioned
explicitly; Fig. 6.3). We identified a digital mucus macrogland in 10 neobatrachian
families, distributed across all three aforementioned superfamilies (see Table 4.S1.6
in CHAPTER 4). The presence of a proximal gland cluster may be correlated with a
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Figure 6.2 The occurence of surface patterning of the ventral digital epidermis in batrachians

The colouring of the circles indicates the presence of surface patterning on the cellular level (i.e.
polygonal surface cells separated by intercellular channels; inner halves of the circles) and on
the subcellular level (i.e. ‘nanopillars’; outer halves of the circles). Green: patterning present,
Yellow: moderate patterning present, Red: patterning not present, White: not reported. The
phylogenetic tree was generated using phylot.biobyte.de based on the taxonomy database of the
National Center for Biotechnology Information (NCBI) of the USA. Litoria caerulea and Hyla
cinerea (reclassified as Dryophytes cinereus; Duellman et al., 2016), the main study species in
this thesis, are indicated by green lettering. The following references were used for the different

families, in clockwise order: [...Continued on the next page.]
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Figure 6.2 [...Continued from the previous page.] Plethodontidae (Green & Alberch, 1981),
Salamandridae (Wang et al., 2016), Arthroleptidae (McAllister & Channing, 1983), Microhylidae
(Emerson & Diehl, 1980; Green, 1979; Green & Simon, 1986; McAllister & Channing, 1983), Hy-
peroliidae (McAllister & Channing, 1983), Ranixalidae (Ohler, 1995), Phrynobatrachidae (Noble
& Jaeckle, 1928), Ceratobatrachidae (Ohler, 1995), Dicroglossidae (Ohler, 1995), Ranidae (Drotlef
et al., 2014; Green, 1979; Lee et al., 2001; Ohler, 1995), Rhacophoridae (Barnes, 2007b; Emerson
& Diehl, 1980; Green, 1979; Lee et al., 2001; McAllister & Channing, 1983; Mizuhira, 2004; Noble
& Jaeckle, 1928; Ohler, 1995; Siedlecki, 1910; Welsch et al., 1974), Leptodactylidae (Green, 1979),
Dendrobatidae (Barnes, 2007b; Emerson & Diehl, 1980; Green, 1979), Hemiphractidae (Hertwig &
Sinsch, 1992), Bufonidae (Emerson & Diehl, 1980; Green, 1979), Eleutherodactylidae (Emerson &
Diehl, 1980; Green, 1979; Noble & Jaeckle, 1928), Hylidae (Ba-Omar et al., 2000; Barnes, 2007b;
Emerson & Diehl, 1980; Ernst, 1973a; Federle et al., 2006; Green, 1979; Green & Carson, 1988;
Hanna & Barnes, 1991; Lee et al., 2001; Leydig, 1868; Linnenbach, 1985; Noble & Jaeckle, 1928;
Smith et al., 2006Db).

distal subdermal lymph space, which has been identified in 4 neobatrachian families
(Table 6.1).

Overall, the wide distribution of pad expansion, ventral surface patterning, and gland
clustering in the digital pads of neobatrachians suggests that the whole digital tip
acts as a functional unit that may have evolved convergently in arboreal frog species.
However, the occurence of surface patterning in the digital epidermis in min. 15 out
of ca. 20 neobatrachian families (Frost et al., 2006) raises the question, whether these
structures developed independently, or originate from a common ancestor and got lost
independently in the course of evolution. The latter is supported by a description of
the loss of arboreal adaptations in Gastrotheca (Hertwig & Sinsch, 1995) and by
indications that the adhesive digital apparatus of frogs arose before these animals
became arboreal (Noble & Jaeckle, 1928). Modifications of the superficial epidermal
cells occur also in the digits of the newt Cynops orientalis (Wang et al., 2016) and of
salamanders in the genus Bolitoglossa (Green & Alberch, 1981; Fig. 6.2). Both species
are urodeles, which differentiated from lissamphibians (i.e. the common ancestors
of modern urodeles and anurans) at least ca. 150 million years ago, adding further
support for the presence of epidermal modifications in a common ancestor. Lastly, the

Table 6.1 Observations of subepidermal structures in the digital pads of neobatrachians.

. . Lymph Collagen Muscle
Family Species space ridges fibres
Hylidae Hyla cinerea [1,2] [1,2] [1,2]
Hylidae H. arborea (3,4,5] [3,5] [3,5]
Hylidae Osteopilus septentrionalis 2] 2] 2]
Hylidae Acris gryllus — — —
Hylidae Litoria caerulea [6] — —
Phyllomedusidae Phyllomedusa sauvagii [7] — [7]
Arthroleptidae Lepoptelis karissimbensis 8] — —
Rhacophoridae Rhacophorus reinwardtii 9] 9] 9]

(1] (Langowski et al., 2018b), [2] (Noble & Jaeckle, 1928), [3] (Leydig, 1876), [4] (Dewitz, 1883),
(5] (Schuberg, 1891), [6] (Nakano & Saino, 2016), [7] (Fabrezi et al., 2017), [8] (Drewes, 1984),
[9] (Siedlecki, 1909)
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A Hyla arborea A, Hyla arborea A, Hyla

B,  Scinax fuscovarius B, Phyllomedusa sauvagii

BS Phyllomedusa trinitatis

B, Acris gryllus B, Litoria caerulea
C, Gastrotheca christiani C, Gastrotheca marsupiata D Lepoptelis kassimbensis
E, Polypedates reinwardtii E, Philautus annandalii F  Guibemantis timidus

Figure 6.3 Depictions of gland clusters in the digital pads of various neobatrachian clades (pre-
sumptive ventral glands indicated in red). (A) Hyla, (B) other Hylidae, (C) Hemiphractidae,
(D) Hyperoliidae, (E) Rhacophoridae, and (F) Mantellidae. All sections are sagittal, with ex-
ception of transverse sections in Bs and Ca. Subfigures modified after the following references:
A1 (Leydig, 1868); Aa (Schuberg, 1891); As, Bs (Noble & Jaeckle, 1928); By, C1, F (Manzano
et al., 2007); By (Fabrezi et al., 2017); B4 (Nakano & Saino, 2016) [Credit: M. Nakanol; Bs
(Ba-Omar et al., 2000); Co (Hertwig & Sinsch, 1995) [Credit: American Society of Ichthyologists
and Herpetologists]; D (Drewes, 1984) [Credit: R. Drewes|; E1 (Siedlecki, 1910); E2 (Chakraborti
et al., 2012). All figures reproduced with permission.
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similarity in the general mucus chemistry of anurans, if compared between arboreal
and terrestrial species within the Hyloidae and Ranoidae (CHAPTER 4), also supports
the descent from a common ancestor.

To further examine the convergent evolution of the digital pads of tree frogs, a syste-
matic approach, based on frequency and strength of convergence and specifying the
considered level of the convergent system (e.g. individual pad components or whole
digital morphology) rather than simply highlighting cases of convergence is required
(Speed & Arbuckle, 2017). Here, the digital macroglands, which to my knowledge are
not considered in current phylogenetic analyses (e.g. Frost et al., 2006), may serve as
important character in addition to traditional ones, which mostly relate to osteology
and myology (e.g. Blotto et al., 2017; Burton, 2004; Kamermans & Vences, 2009;
Liem, 1970).

Overall, T conclude that the convergent evolution of the digital pads of tree frogs
is still uncertain. If the digital pads evolved convergently, they presumably did so
as a functional unit and under a generic selective pressure not exclusively related
to an arboreal lifestyle. Evolutionary conservatism and the descent from a common
ancestor is a valid alternative hypothesis (e.g. Moen et al., 2013).

6.2.2 A tentative evolutionary history of the digital pads of tree frogs

Modern amphibians (Anura, Urodela, and Apoda) and reptiles originate from the ca.
400 million years old Tetrapodamorpha, which made the step from shallow waters
to land (Haslam et al., 2014). In contrast to their aquatic cousins, the skin of early
amphibian ancestors (Temnospondyls, ca. 300-360 million years ago) lacked scales
(Haslam et al., 2014), which presumably facilitated the subsequent development of
the cutaneous respiration present in modern amphibians (Haslam et al., 2014; Wells,
2007). The adaptation towards cutaneous respiration may explain the lack of keratin-
associated proteins and lipogenic substances (found in modern reptiles and their an-
cestors) in the amphibian epidermis, as such substances would hinder cutaneous gas
exchange (Haslam et al., 2014).

Cutaneous respiration requires a hydrophilic, slightly moist skin (Clarke, 1997). Ar-
guably, a liquid layer between the appendicular cutis and the substrate leads to lubri-
cation and a reduction in skin friction, especially on smooth substrates. Consequently,
the appendicular cutis of early amphibian ancestors presumably was exposed to op-
posite functional demands, with skin wetting facilitating cutaneous respiration on the
one hand and reducing locomotory efficiency (i.e. the range of travel for a given input
of energy; Radhakrishnan, 1998) on the other hand. Friction also is crucial for the
saltatorial locomotion (Fahrenbach & Knutson, 1975), which has been assigned to ca.
200 million year old amphibians (Shubin & Jenkins Jr., 1995). Besides a sufficient
power output of the muscular-skeletal system (Astley & Roberts, 2012), friction bet-
ween the limbs and the substrate is an important prerequisite in jumping, as friction
determines the minimum possible take-off angle and hence the ability to jump for-
ward (Clemente et al., 2017). Enhanced friction between an arbitrary surface and a
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substrate can be reached by micropatterning the surface, which enables drainage of
interstitial liquids (Dhong & Fréchette, 2015; Gupta & Fréchette, 2012), closure of
the pad-substrate gap, and the generation of vdW forces (CHAPTER 2). Accordingly,
heightening of the ventral epidermal cells in amphibian digits, which previously was
interpreted as adaptation towards an arboreal lifestyle (Green, 1979), presumably
represents an adaptation towards a terrestrial lifestyle (Noble & Jaeckle, 1928), as
it may have reduced the metabolic costs during the exploration of terrestrial habi-
tats and facilitated the development of saltatorial locomotion in frogs. I hypothesise
that not only the epidermal topography but also more basal structures such as the
epidermal tonofilaments and dermal collagenous fibres described in CHAPTER 3 chan-
ged, reinforcing the soft epidermis against inertial mechanical loads occurring during
jumping.

The morphological pad modifications enhancing friction on a horizontal substrate
may also have promoted the initial exploration of habitats with inclined surfaces.
Climbing vertical surfaces such as a tree stem requires predominantly frictional forces
to counteract gravity, and some adhesion generated by the forelimbs to maintain
moment balance (Cartmill, 1974). Increasing contact to vertical structures may have
promoted a gradual gain in micropatterning of the digital pads of frogs (Green, 1979),
which finally resulted in the sophisticated surface patterns found in the digital pads of
modern tree frogs (CHAPTER 2). Hence, successive modifications of the epidermal cell
morphology may have facilitated the step from a frictional pad to an attachment pad
that generates friction and adhesion (Green, 1979). The appearance of the intercalary
element (see CHAPTER 2) presumably represents the latest adaptation towards an
arboreal lifestyle (Green, 1979; Noble & Jaeckle, 1928), which possibly occurred early
in the neobatrachian line (Manzano et al., 2007). As pointed out by Green (1979),
the hypothesised phylogenetic development of the ventral pad epidermis is supported
by the observation of similar stages in the ontogenetic pad development in tree frogs
during post-amputatory regeneration (Richards et al., 1977).

In conclusion, it appears that the evolution of the anuran digital epidermis is domi-
nated by the presence of liquid, emphasising the relevance of drainage, friction, and
vdW forces in tree frog attachment, which agrees with the foregoing discussion of the
bioadhesion of tree frogs (Section 6.1).

6.2.3 Attachment systems bearing micropillars
in non-amphibian clades

Adhesive organs covered with micropatterns of polygonal pillars have also been identi-
fied in non-amphibian species. Microscopic polygonal papillae packed with filaments
coat the margin of the suction disc of Gobiesoxr maeandricus (Northern clingfish;
Ditsche et al., 2014). Analogously to tree frogs, these structures may promote drainage
and the formation of close contact, hence sealing off the suction cup. Polygonal—
primarily hexagonal—microstructures also cover the tarsal pads of the orthopterans
Tettigonia viridissima (Great green bush-cricket; Gorb et al., 2000) and Acanthop-
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roctus diadematus (Nara cricket; Grohmann et al., 2015). These microstructures are
able to conform to rough substrates, thus enhancing the effective contact area and
attachment forces (Perez Goodwyn et al., 2006). Interestingly, Locusta migratoria
(Migratory locust), another orthopteran species, does not show surface patterning
(Perez Goodwyn et al., 2006). L. migratoria lives in dry habitats, whereas T. viridis-
stma lives in humid grass lands (Perez Goodwyn et al., 2006), possibly hinting to a
drainage-related function of polygonal microstructures in orthopterans as well.

Finally, one has to consider geckos and other lizards, the closest non-amphibian bio-
adhesive cousins of tree frogs. Accompanying the increasing independence of reptilian
ancestors from water for cutaneous respiration and for reproduction, their amniote
epidermal cells progressively became keratinised and lipidised (Alibardi, 2006). In
contrast, in the amphibian epidermis only a corneous layer is found, which is shed
regularly to maintain cutaneous respiration (Alibardi, 2006). Hence, I hypothesise
that the adaptation to a life with a wet skin not only explains the importance of
drainage in frog pads, but also the different micropatterns found in the digital pads of
geckos and tree frogs. Whereas amphibian epidermis is wet and only little keratinised
(i.e. soft), requiring adaptations towards drainage and prohibiting the development of
high-aspect-ratio microstructures (aspect ratio of epidermal cells and nanopillars in
tree frogs ~ 1; CHAPTER 2), the reptilian epidermis is dry and strongly keratinised
(i.e. stiff), allowing the development of ca. 100 pm long and ca. 5 pm thick keratinous
setae (aspect ratio &~ 20), that branch at their tips into numerous nanoscopic spatulae
(also with aspect ratios > 1; Autumn & Peattie, 2002) and enable the remarkable
attachment of geckos.

6.3 Inspiration for the design of biomimetic adhesives

The versatile attachment of tree frogs stirred quite early the interest of researchers,
who hoped to utilise the principles of tree frog attachment for the design of biomime-
tic technologies (Barnes, 1999; Barnes et al., 2002). In the last decade, biomimetic
research on tree frog attachment resulted in a number of meso- to microscopic recon-
structions of the epidermal surface of the digital pads of tree frogs using homogeneous
and isotropic materials (Fig. 6.4).

Sections 6.1 and 6.2 highlight the importance of epidermal micropatterning for the
drainage of interstitial liquids, the formation of ‘dry’ contacts, and the generation of
vdW forces. This principle has been successfully utilised to enhance the frictional and
adhesive performance of current tree-frog-inspired adhesives (Fig. 6.4). However, the
attachment performance of these adhesives presumably can be further improved by
mimicking the hierarchical micro- to nanoscopic surface patterning in tree frog pads.
In particular, the addition of nanopillars might help to reduce the force (and time)
required to reach a gap-width in the single-digit nanometer range (Persson, 2007).
Current experimental studies report contradictory trends on the optimal micropat-
tern geometry for maximum attachment forces in a wet environment (Drotlef et al.,
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2013; Xie et al., 2018). A better understanding of the drainage performance of mi-
cropatterned adhesives may be obtained by a combination of parametric analyses of
the effects of variations of the pillar geometry on attachment performance, analytical
models (e.g. adequate hydrodynamic boundary conditions; Pilkington et al., 2016),
and numerical methods (e.g. computational fluid dynamics considering fluid-structure
interactions).

Internal structures are important in the design of bioinspired adhesives with strong
attachment, too. Most current tree-frog-inspired adhesives consist of a micropillar
pattern that connects via a soft homogeneous base layer to a stiff support (e.g. Drot-
lef et al., 2013). Mechanical loading of adhesives mounted in such a way can cause
structural damage of the base layer and a reduction in friction (Xue et al., 2017). In
the digital pads of tree frogs, fibrous structures connect the adhesive pad epidermis
with the skeleton (CHAPTER 3). The skewed tonofilaments traversing the epider-
mal cells presumably reinforce the pad surface against local stress concentrations.
Furthermore, bundling of the tonofilaments in the basal cell regions, and strong inter-
connections between the epidermal cells (Ernst, 1973a) may enable the transmission
of mechanical stresses between individual nanopillars (as shown for a technical sy-
stem; Xue et al., 2017) and superficial cells, respectively, hence avoiding local stress
concentrations and impeding detachment (CHAPTER 3). The presence of stiff fibrous
structures presumably causes anisotropic material behaviour. In compression, the
low effective elastic modulus of frog pads (CHAPTER 2) allows a close conformation
to rough substrates, thus enlarging the contact area effective for the generation of
vdW forces. During tensile loading however, the internal fibrous structures stiffen the

A B
100 um 10 um
—— -
C D E
2 pm 2.um 200 pm
— — —

Figure 6.4 Tree-frog-inspired adhesives. (A) Hexagonal PDMS surface pattern for tunable
friction on dry substrates (Murarash et al., 2011), (B) Circular SU-8 surface pattern with re-
duced hydrodynamic contact forces (Gupta & Fréchette, 2012), (C) Hexagonally micropatterned
PDMS surface with flat pillar tips for wet adhesion (Drotlef et al., 2013), (D) Hexagonally mi-
cropatterned PDMS surface with concave pillar tips for wet adhesion (Drotlef et al., 2013), (E)
Hexagonal PDMS surface for friction in a wet environment (Chen et al., 2015).
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pad, and thus may allow the spatial distribution of contact stresses and impede crack
formation. The benefit of a low stiffness during contact formation and a high stiffness
during tensile loading has been formulated in a generalised scaling law (F VAK;
with attachment force capacity F', contact area A, and stiffness K of the adhesive;
Bartlett et al., 2012b), which explains the scaling of F' of various biological and techni-
cal systems for a considerable range of variations (up to factors ~ 10'%) of A and K
(Bartlett et al., 2012a,b; Gilman et al., 2015). Although the underlying physics are
still under debate (Mojdehi et al., 2017), the presence of fibrous elements in the sur-
face region of the adhesive organs of geckos (e.g. Autumn & Peattie, 2002), insects
(Gorb & Beutel, 2001), and tree frogs (CHAPTER 3) emphasises the importance of
these structures for the design of bioinspired adhesives, particularly for applications
where high mechanical loads are occurring (e.g. soft heavy duty grippers or dynamic
bioinspired robots).

The digital pads of tree frogs contain several units of smooth muscle fibre bund-
les, which may allow these animals to modulate the generated attachment strength
(CHAPTER 3). To my knowledge, the hypothesised functionality of these structures
has not yet been transferred into technical systems. In existing actuated micropat-
terned adhesives, switchable adhesion mostly is achieved by modulations of the pillar
geometry using external stimuli such as temperature (Cui et al., 2012; Reddy et al.,
2007) or magnetism (Drotlef et al., 2014; Northen et al., 2008). Furthermore, switcha-
ble adhesion by modification of the overall contact surface topology was accomplished
using pneumatic (Nadermann et al., 2010) and electric (Shivapooja et al., 2013) sti-
muli. Other solutions utilise a hysteresis in the buckling of micropillars (Paretkar
et al., 2011; Purtov et al., 2015), or the anisotropy of gecko-inspired adhesives (i.e.
“frictional adhesion’; Modabberifar & Spenko, 2018) to switch between adhesive and
non-adhesive state. All these solutions rely on modifications of the topology of the
adhesive surface, which limits the freedom in the superficial and internal design of the
micropatterns, thus reducing the aforementioned potential for drainage and control of
contact stress distribution. Moreover, these adhesives are switchable rather than con-
trollable. The tree-frog-inspired implementation of contractile elements in the base
layer of a micropatterned adhesive could allow the gradual control of attachment via
modification of the adhesive’s stiffness and contact area while maintaining freedom in
the design of the surface pattern.

A simpler method of attachment control may be inspired by the passive structures of
force transmission in frog pads (CHAPTER 3). The adhesive pad surface connects via a
ventral collagen layer and a dorsal-ventral septum to the digital phalanx. As discussed
in CHAPTER 3, loading of the adhesive surface via either one of these structures
arguably leads to a difference in the contact stress distribution across the ventral pad
surface, with firm attachment when loading the collagen layer, and detachment when
loading the septum. Analogously, in future biomimetic adhesives various load trains
could get implemented to rapidly modulate attachment strength.
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6.4 Tree frog attachment, quo vadis?

As shown in this thesis, getting a grip on tree frog attachment is a complex problem,
whose solution requires an interdisciplinary approach with contributions from biology,
physics, chemistry, and engineering. Although some of the proposed attachment
mechanisms may be rejected based on the antecedent discussion, we are still far from
a comprehensive understanding of tree frog attachment. Most notably, a theoretical
framework modelling the adhesive and frictional contact of the wet, soft, viscoelastic,
micropatterned, composite pads of tree frogs is still missing. Combined modelling
of these pad ‘dimensions’; as presented for insect adhesion (Gernay et al., 2016), is
required to advance the field. Next to insights obtained from the reverse engineering
of tree frog pads (Section 6.3), contributions from several lines of research may help
to deepen the understanding of tree frog attachment.

6.4.1 Ecology, phylogenetics, and evolution of tree frog attachment

Besides constraints related to phylogeny or the fundamental mechanisms of atta-
chment, the habitat presumably is an important driver in the evolutionary develop-
ment of the morphology and function of the digital pads of tree frogs. Using an
ecomorphological approach, one could relate specific morphological traits of the pads
to parameters regarding the environment (e.g. roughness or free surface energy of
the encountered substrates) and the lifestyle (e.g. level of arboreality) of individual
frog species. Whereas such studies exist in the field of gecko attachment (e.g. Collins
et al., 2015; Elstrott & Irschick, 2004; Hagey et al., 2017; Irschick et al., 1996), the
ecomorphology of tree frogs received little attention. In complement, I propose an
analysis of the evolutionary history of tree frog attachment to answer the questions
raised in Section 6.2: Under which constraints and selective pressures did the digital
pads of modern tree frogs develop, and was this development convergent? Such a
study requires a screening of character states of the superficial and internal pad mor-
phology over a wide range of extant anurans, as well as evidence from fossil samples,
for example preserved in amber (as reported for geckos; Bauer et al., 2005).

As we have shown in CHAPTER 5, tree frogs presumably perform better in attachment
than previously reported. Quantification of the maximum attachment performance
is important, as the obtained values serve as reference against predictions from ana-
lytical models of attachment. Further investigations of the maximum attachment
performance of whole animals require a computation of the dynamic loads acting on
the pads during taking off or landing via high-speed-recordings of the 3D kinematics
and inverse body dynamics (see for example Wang et al., 2013). Such studies face
the challenge that frog skin is moist, preventing the use of conventional markers for
kinematics tracking. Moreover, we found interindividual differences in attachment
performance that are not explained by physical body parameters (e.g. mass or size;
CHAPTER 5), suggesting that behaviour is a point of attention in future force mea-
surements on unrestrained animals.
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6.4.2 Single pad observations

In this thesis, I elucidated the internal morphology of the digital pads of tree frogs
and proposed potential functions of the identified structures (CHAPTER 3 and 4). To
provide support for the hypothesised mechanisms, in vivo observations of movements
and deformations of the internal structures are required. For example, dynamic high-
resolution magnetic resonance imaging may be used to study the kinematics of bony,
collagenous, and muscular structures during attachment, and the hypothesised secre-
tory deformations of the digital gland cluster.

Physiological and nervous components of the adhesive apparatus of tree frogs are
barely known. The ventral pad cutis is interspersed by a dense network of blood
vessels (e.g. Barnes et al., 2011; Siedlecki, 1910). An analysis of the 3D architecture
of this network may help to conclude on potential functions in attachment, such as
a hypothesised control over the ventral pad topography (Nokhbatolfoghahai, 2013)
or over pad stiffness (Barnes et al., 2011) by the closure of individual blood vessels.
Presumably, the liquid-filled lymph space codetermines the viscous properties of frog
pads, especially at large deformations. Studying the detailed geometry of the lymph
space, as well as the fluid dynamics of the contained lymph during attachment (e.g.
using p-CT as Hedrick et al., 2014) would allow to assess its functional relevance.
The presence of smooth muscle fibres and of a cluster of digital glands ensheathed by
myoepithelial cells implies the presence of a nervous system innervating these struc-
tures, possibly allowing tree frogs to modulate attachment strength (CHAPTER 3).
Moreover, sensory mechanoreceptors may be located in the pads. A morphological
analysis of the digital nervous system would be the first step to an understanding of
the role of motory and sensory structures in tree frog attachment. A better under-
standing of the nervous system in the digital pads of tree frogs is also important in
future biomechanical experiments, as it might allow to control active processes (e.g.
stiffness modulation or mucus secretion), and to reduce variation in the measured
parameters of attachment performance.

6.4.3 What is happening at the interface?

Next to the development of adequate theoretical models, experimental work is needed
to further elucidate the functional principles of tree frog attachment. Most impor-
tantly, the simultaneous measurement of the three-dimensional contact force exerted
by an unrestrained single pad, contact area, and pad deformation over a whole step
cycle is still missing. Such a measurement may allow, for example, partitioning of the
generated adhesion into contributions from capillary adhesion and from vdW forces,
as shown for tree-frog-inspired adhesives (e.g. Drotlef et al., 2013). Mechano-sensitive
substrate coatings (Neubauer et al., 2016) may be used to characterise the distribution
of mechanical stress over the contact interface.

In restrained animals, a parametric study of the tribological pad properties with
control of normal load, sliding speed, and gap width would help to characterise tree
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frog friction (e.g. the conditions at which boundary and hydrodynamic lubrication
occur). A comparison of the obtained Stribeck curve with curves of known materials
and geometries may provide insights into the fundamental friction mechanisms. In
such studies, the anisotropy of tree frog friction should be taken into account by
measuring friction as a function of sliding direction.

As shown in previous work and in this thesis, systematic studies of the attachment per-
formance of frog pads in dependence of substrate properties allow to narrow down the
set of involved attachment mechanisms. Whereas the effects of variations in substrate
roughness and environmental pressure on tree frog attachment have been studied ex-
tensively, other substrate properties such as free surface energy or elastic modulus
remained untouched so far. Importantly, such studies should aim to rebut rather
than confirm the action of specific attachment mechanisms (see for example Loskill
et al., 2013). In order to facilitate metaanalyses on the attachment performance of
tree frogs and other adhesive organisms, the characterisation of fundamental substrate
properties (i.e. roughness and free surface energy) is crucial.

To further examine the role of vdW forces in the attachment of tree frogs to natural
substrates, I suggest the quantification of the conformability of frog pads to micro- to
macro-rough substrates (and of the gap-width between the two). Moreover, simulta-
neous measurements of the elastic modulus, compliance, and attachment force as well
as a quantification of the spatial contact stress distribution at the pad-substrate inter-
face are needed to analyse the shear stiffening of the digital pads of tree frogs.

Finally, further work is required on tree frog mucus. Whereas we could characterise in
this thesis the general chemistry and the available volume of the mucus, its rheological
properties are less well understood. The mucus has been shown to be roughly as
viscous as water (Federle et al., 2006), but its viscosity in the nanoscopic gap between
hydrophilic pad and a substrate may be orders of magnitude higher (Ortiz-Young
et al., 2013).
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Summaries

Summary

Tree frogs are versatile climbers that use their adhesive digital pads to attach to vari-
ous substrates, even under challenging conditions. The pads are covered in mucus and
can generate adhesive and frictional forces of up to several body weights per digit.
For centuries, the remarkable attachment performance of tree frogs has fascinated
scientists who aimed to unravel the fundamentals of tree frog attachment. Among
the various mechanisms that have been discussed to explain tree frog attachment,
capillary adhesion is the most commonly used one. Previous research was primarily
directed at the role of the micropatterned pad surface in attachment, which resulted
in the development of several tree-frog-inspired micropatterned adhesives. However,
a comprehensive explanation of the mechanisms of tree frog attachment is still una-
vailable, and the role of internal pad structures in attachment is barely understood.
In this thesis, I present an interdisciplinary analysis of the attachment apparatus of
tree frogs with focus on subepidermal structures, hence contributing to the understan-
ding of nature’s adhesive systems, and providing input for the design of biomimetic
adhesives inspired by tree frogs.

In CHAPTER 2, we provided a synthesis of the status quo of knowledge on tree frog
attachment—ranging from the functional pad morphology to experimental findings
in support of the various hypothesised mechanisms of tree frog attachment—and
identified gaps in the existing knowledge. An account of the functional morphology
highlights the need for an exploration of the internal pad morphology and of the
chemistry of the secreted mucus in order to deepen the understanding of tree frog
attachment. By revisiting current analytical models, reported data, and observations,
we show that the hypothesis of wet adhesion as primary mechanism in tree frog
attachment is not sufficiently supported. Van der Waals forces, which were for a long
time believed to play only a minor role due to mucus covering the pad surface, may
well be involved in tree frog attachment.

In CHAPTER 3, we combined histochemistry and synchrotron micro-computer-
tomography to characterise the internal morphology of the digital pads of the tree frog
Hyla cinerea in 3D, with a focus on mechanical links between the adhesive pad surface
and the internal digital skeleton. The ventral pad surface connects to the skeleton via
several pathways of force transmission. A collagenous septum runs from the ventral
cutis to the tip of the distal phalanx and compartmentalises the subcutaneous pad
volume into a distal lymph space and a proximal space filled with mucus glands. Mo-
reover, a collagen layer runs from the ventral cutis via interphalangeal ligaments to the
middle phalanx. The fibres constituting this layer run in trajectories curved around
the transverse pad-axis and form laterally separated ridges below the gland space.
Using finite element analysis and numerical optimisation of a shear-loaded pad mo-
del, we show that the collagen fibres are presumably oriented along the trajectories of
the maximum principal stresses, and the optimisation also results in ridge-formation,
suggesting that the collagen layer is adapted towards a high stiffness during shear
loading. Finally, immunohistochemical staining reveals the presence of several units
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of smooth muscle fibres in frog pads. These active structures may provide tree frogs
with the ability to control the distribution of mechanical stresses across the ventral
pad surface, hence facilitating modulation of the attachment strength.

CHAPTER 4 addresses the morphology of the digital mucus glands and the chemistry
of the secreted mucus. In H. cinerea, the mucus glands opening to the ventral pad
surface form a macrogland and thus differ significantly in their morphology from the
ones opening to the dorsal (non-adhesive) pad surface. We identified a digital mu-
cus macrogland in min. 10 neobatrachian families that are not exclusively arboreal,
indicating that the macrogland morphology is determined by generic functional requi-
rements arising from ‘ground contact’ (e.g. lubrication and compensation of mucus
loss) as well as by specific requirements for climbing and attachment. Using cryo-
histochemistry as well as infrared and sum frequency generation spectroscopy, we
show that—in contrast to the gland morphology—the general mucus chemistry varies
only little between different body locations in the tree frogs H. cinerea and Osteopilus
septentrionalis, as well as between arboreal and non-arboreal (Pyzicephalus adsper-
sus and Ceratophrys cranwelli) frog species. This observation suggests conservation
of the mucus chemistry in the course of anuran evolution and does not support a
specialisation of the mucus towards attachment.

In CHAPTER 5, we experimentally measured the attachment performance of the tree
frogs H. cinerea and Litoria caerulea using a rotation platform setup. By analysing
the effects of variations in nominal substrate roughness on attachment performance,
we investigated the role of the previously proposed mechanism of mechanical inter-
locking in tree frog attachment. Tree frogs attach as well to nano- and microrough
substrates as to a smooth substrate. Attachment performance only decreases above
a nominal substrate roughness of 15pm. These observations disagree with the ex-
pected variation of attachment performance with substrate roughness if interlocking
were present, hence indicating that mechanical interlocking is negligible in tree frog
attachment. Furthermore, observations of detaching frogs with our updated rotation
platform setup show that tree frogs are able to withstand substantial inertial loads
with only two attached limbs, suggesting that the maximum attachment performance
of tree frogs is higher than reported previously.

Finally, I put in CHAPTER 6 the findings of this thesis in a wider scientific context.
By integrating the outcomes of the review on tree frog attachment with the results of
the experimental chapters and with insights obtained on tree-frog-inspired adhesives, I
discuss the importance of the previously proposed mechanisms of tree frog attachment.
I conclude that suction and mechanical interlocking are negligible. A contribution
of hydrodynamic adhesion cannot be excluded, but seems to be a consequence of
having a wet skin rather than a primary attachment mechanism. Whereas capillary
adhesion was previously mentioned as primary adhesion mechanism, an integration
of the available knowledge suggests that capillary adhesion acts together with van
der Waals forces, with the latter as dominant attachment mechanism. To explore
the hypothesised convergent evolution of the digital pads of tree frogs, I provide an
account of what is known from this thesis and earlier works on the phylogeny of the
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adhesive pads. Overall, several morphological features (e.g. the micropatterned pad
surface and the digital gland cluster) are widely distributed over anuran families,
suggesting that the whole pad is a functional unit and raising the question if the pads
evolved convergently or if they are derived from a common ancestor. In agreement
with the antecedent sections, a tentative discussion of the evolutionary history of
frog pads emphasises the importance of drainage, friction generation, and van der
Waals forces in tree frog attachment. Based on the outcomes of this thesis, I provide
suggestions for the design of tree-frog-inspired adhesives. The drainage-capabilities
of frog pads render these a good model for the development of technical adhesives
in a wet environment. Further promising trends are the design of fibre-reinforced
micropatterned adhesives for heavy duty applications, and the creation of actuated
adhesives with controllable adhesion inspired by the muscular structures found in the
biological model. Finally, I present an outlook on how the field of tree frog attachment
may develop in the coming years.

222



Samenvatting

Boomkikkers zijn veelzijdige klimmers die hun met slijm bedekte teen- en vingerkus-
sens gebruiken om zich te hechten aan verscheidene substraten, zelfs onder uitdagende
omstandigheden. De hechtkussens kunnen adhesie- en wrijvingskrachten genereren
tot enkele malen het lichaamsgewicht van de kikker per teen. Al eeuwen trachten we-
tenschappers de fundamentele principes van de opmerkelijke aanhechtingsprestaties
van boomkikkers te ontrafelen. Van de verscheidene mechanismen die bediscussi-
eerd zijn om de aanhechting van boomkikkers te verklaren, is capillaire adhesie de
meest gebruikte. Voorgaand onderzoek richtte zich voornamelijk op de rol van de
microstructuur van het hechtkussenoppervlak op de aanhechting. Dit resulteerde in
de ontwikkeling van verschillende boomkikker-geinspireerde adhesieven. Een over-
tuigende verklaring van de aanhechtingsmechanismen is hier echter niet uit voort-
gekomen. Daarnaast wordt de rol van de interne structuur van de hechtkussens in
de aanhechting onvoldoende begrepen. In dit proefschrift presenteer ik een interdis-
ciplinaire analyse van het aanhechtingsapparaat van boomkikkers met de focus op
sub-epidermale structuren. Dit draagt niet alleen bij aan het begrijpen van natuur-
lijke aanhechtingssystemen maar verschaft tevens inspiratie voor het ontwerpen van
biomimetische aanhechtingsmechanismen.

In HOOFDSTUK 2 presenteren wij een synthese van de status quo van de kennis van
boomkikkeraanhechting—van de functionele morfologie van de hechtkussens tot ex-
perimentele bevindingen die voorgestelde mechanismen voor boomkikkeraanhechting
wel of niet ondersteunen—en identificeren wij belangrijke kennislacunes van dit onder-
zoeksgebied. Onze revisie van de beschikbare analytische modellen, gerapporteerde
data en observaties maakt duidelijk dat de eerder voorgestelde natte adhesie als pri-
mair mechanisme in de aanhechting niet afdoende ondersteund wordt. Vanderwaals-
krachten, waarvan langdurig gedacht werd dat ze een geringe rol spelen doordat het
hechtkussen met slijm bedekt is, zijn mogelijk belangrijk in boomkikkeraanhechting.
Onze literatuuranalyse laat zien dat een beter begrip van de functionele morfologie
van de interne structuur van de hechtkussens en van de chemische samenstelling van
het afgescheiden slijm noodzakelijk is om het mechanisme van aanhechting te ontra-
felen.

In HOOFDSTUK 3 combineren wij histochemie en synchrotron micro-computer-
tomografie om de interne morfologie van de hechtkussens van de boomkikker Hyla
cinerea in 3D te karakteriseren. Daarbij richten wij ons op de mechanische verbindin-
gen tussen het hechtkussenoppervlak en het interne vinger- en teenskelet. De ventrale
zijde van het hechtkussen is door verschillende krachttransmissiestructuren verbon-
den met het skelet. Een bindweefselschot loopt van de ventrale huid tot het uiteinde
van de distale falanx en verdeelt het onderhuidse hechtkussenvolume in een distale
lymferuimte en een met slijmklieren gevulde proximale ruimte. Bovendien loopt een
collageene bindweefsellaag vanaf de ventrale lederhuid via de interfalangiale ligamen-
ten tot de middelste falanx. De vezels die deel uit maken van deze laag lopen in
gebogen banen om de transversale hechtkussenas en vormen lateraal gescheiden ri-
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chels onder de klierruimte. Door gebruik te maken van eindige-elementenanalyse en
numerieke optimalisatie van een met schuifkrachten belast hechtkussenmodel laten
wij zien dat de collageenvezels vermoedelijk in de richting van de maximale trekspan-
ning georiénteerd zijn. De optimalisatie resulteert ook in richelformatie als gevolg
van de noodzakelijke aanwezigheid van de klierbuizen die uitmonden op de ventrale
epidermis. Het collageenvezelverloop en de richels duiden erop dat de collageenlaag
cruciaal is voor een effectieve krachttransmissie van huid naar distale falanx (inclusief
de daarbij behorende hoge stijtheid) tijdens schuifkrachtbelasting, hetgeen overeen-
komt met de waarneming dat de maximale afschuifkrachten aanzienlijk hoger zijn
dan de maximale adhesiekrachten. Tenslotte onthulde onze immunohistochemische
kleuring van het weefsel de aanwezigheid van verspreid voorkomende gladde spierve-
zelbundels in de kikkerhechtkussens. Deze actieve structuren verschaffen boomkikkers
waarschijnlijk de mogelijkheid om de verdeling van de mechanische spanning over de
ventrale zijde van het hechtkussen te reguleren, en daarmee de uitgeoefende aanhech-
tingskracht.

HOOFDSTUK 4 adresseert de morfologie van de slijmklieren van de vinger- en teenkus-
sens en de chemie van het afgescheiden slijm. In H. cinerea vormen de slijmklieren,
die gezamenlijk uitmonden aan de ventrale zijde van het hechtkussenoppervlak, een
macroklier. Daarmee verschillen ze morfologisch van de slijmklieren, welke uitmonden
op het dorsale (niet-adhesieve) huidoppervlak. Wij hebben dergelijke ventrale vinger-
en teenslijmmacroklieren geidentificeerd in minstens 10 neobatrachiale families die
niet exclusief arboreaal leven. Dit impliceert dat de macrokliermorfologie bepaald
wordt door zowel algemene functionele vereisten die voortkomen uit ‘bodemcontact’
(e.g. smering en het compenseren van slijmverlies) als door specifieke vereisten voor
klimmen en aanhechting. Door gebruik te maken van zowel cryo-histochemie als
infrarood- en som-frequentie-generatie-spectroscopie laten wij zien dat—in contrast
met de kliermorfologie—de algemene slijmchemie slechts weinig varieert tussen de li-
chaamslocaties in zowel de boomkikkers H. cinerea en Osteopilus septentrionalis als
tussen arboreale en niet-arboreale (Pyzicephalus adspersus en Ceratophrys cranwelli)
kikkersoorten. Deze waarnemingen suggereren dat de chemie van het slijm gedurende
de evolutie grotendeels geconserveerd is en geen specialisatie laat zien van het slijm
voor aanhechting.

In HOOFDSTUK 5 hebben wij de aanhechtingsprestatie van de boomkikkers H. cinerea
en Litoria caerulea gemeten met behulp van een met videocamera’s uitgerust roterend
platform waarop de kikkers werden geplaatst. Door de effecten van variatie in de no-
minale substraatruwheid op de aanhechtingsprestatie te analyseren onderzochten wij
de rol van het eerder voorgestelde mechanisme van mechanisch in-elkaar-grijpen van
substraat en aanhechtingskussen in de aanhechting. Boomkikkers hechten zowel aan
nano- en microruwe substraten als aan een glad substraat. De aanhechtingsprestatie
neemt pas af boven een nominale substraatruwheid van 15 pm. Deze waarnemingen
komen niet overeen met de verwachte variatie in aanhechtingskracht met substraat-
ruwheid bij aanwezigheid van een mechanisme van in-elkaar-grijpen. Dit geeft aan dat
mechanisch in-elkaar-grijpen verwaarloosbaar is in boomkikkeraanhechting. Onze op
video-waarnemingen gebaseerde analyses van aanhechtingsoppervlakken en lichaams-
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bewegingen hebben duidelijk gemaakt dat boomkikkers substantiéle traagheidskrach-
ten kunnen weerstaan met slechts twee aangehechte ledematen. Dit suggereert dat de
maximale aanhechtingsprestatie van boomkikkers beduidend hoger is dan voorheen
werd gerapporteerd.

Tenslotte plaats ik in HOOFDSTUK 6 de eerdere bevindingen van dit proefschrift in
een bredere wetenschappelijke context. Ik bediscussieer het belang van voorheen
voorgestelde mechanismen van boomkikkeraanhechting door de uitkomsten van onze
literatuuranalyse (hoofdstuk 2) te integreren met de resultaten van de experimentele
hoofdstukken en de inzichten verkregen over boomkikker-geinspireerde adhesieven.
Ik concludeer dat aanzuiging en mechanisch in-elkaar-grijpen verwaarloosbaar zijn.
Een bijdrage van hydrodynamische adhesie kan niet worden uitgesloten maar lijkt
een onvermijdelijk gevolg te zijn van het hebben van een natte huid in plaats van
een primair aanhechtingsmechanisme. Terwijl voorheen capillaire adhesie genoemd
werd as primair adhesiemechanisme, suggereert integratie van de beschikbare kennis
dat capillaire adhesie en Vanderwaalskrachten beiden bijdragen waarbij die laatste het
dominante aanhechtingsmechanisme is. Ter verkenning van de gehypothesiseerde con-
vergente evolutie van boomkikkerhechtingkussens verschaf ik een overzicht van eerder
werk over de fylogenie van de hechtkussens, aangevuld met nieuwe gegevens van mijn
promotieonderzoek. Globaal bekeken zijn verscheidene morfologische kenmerken (e.g.
het micro gestructureerde hechtkussenoppervlak en het klierencluster in de vinger en
tenen) wijdverspreid over de kikkerfamilies. Dit suggereert dat het gehele hechtkussen
een functionele eenheid is en roept de vraag op of hechtkussens convergent geévolueerd
zijn of dat zij afstammen van een algemene voorouder. Een voorlopige discussie om-
trent de evolutionaire geschiedenis van kikkerhechtkussens benadrukt, in overeenstem-
ming met de voorgaande secties, het belang van drainering, genereren van wrijving en
Vanderwaalskrachten in boomkikkeraanhechting. Gebaseerd op de uitkomsten van dit
proefschrift verschaf ik ontwerpsuggesties voor boomkikker-geinspireerde-adhesieven.
De draineringsmogelijkheden van kikkerhechtkussens maken dit een goed model voor
de ontwikkeling van technische adhesieven in een natte omgeving. Veelbelovende
trends zijn het ontwerp van vezel-versterkte adhesieven met microstructuren voor de
transmissie van hoge mechanische belastingen en het maken van adhesieven met actief
controleerbare adhesie, geinspireerd door de spierstructuren die in het biologisch mo-
del aanwezig zijn. Tenslotte presenteer ik een vooruitzicht voor de komende jaren van
de mogelijke ontwikkelingen van het onderzoek aan boomkikkeraanhechting.
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Zusammenfassung

Baumfrésche sind vielseitige Kletterer. Mit Hilfe von Haftballen an ihren Fingern und
Zehen konnen Baumfrosche sogar unter schwierigen Umstédnden an vielfaltigen Ober-
flichen haften. Die Haftballen sind von einer Schleimschicht bedeckt und kdénnen
pro Finger oder Zeh Adhésions- und Reibungskrifte vom Mehrfachen des Koérper-
gewichts dieser Tiere erzeugen. Die bemerkenswerten Hafteigenschaften der Baum-
frosche faszinieren schon seit Jahrhunderten Wissenschaftler, die sich bemiihten, die
Grundlagen der Baumfroschhaftung zu ergriinden. Unter den verschiedenen zur Er-
klarung der Baumfroschhaftung herangezogenen Mechanismen ist Kapillaradhéision
die am h&ufigsten genannte. Bisherige Untersuchungen konzentrierten sich vor Allem
auf die Funktion der mikrostrukturierten Ballenoberflache in der Haftung, was zu der
Entwicklung von einigen Baumfrosch-inspirierten mikrostrukturierten Haftsystemen
fithrte. Allerdings wurde stets noch keine umfassende Erklarung der Mechanismen
der Baumfroschhaftung gefunden und die Rolle innerer Ballenstrukturen ist noch
weitgehend unerforscht. In dieser Dissertation préisentiere ich eine interdisziplinédre
Analyse des Haftapparates der Baumfrosche mit Schwerpunkt auf subepidermalen
Strukturen, welche zum Verstdndnis natiirlicher Haftsysteme sowie zur Entwicklung
von bionischen, durch Baumfrosche inspirierten Haftsystemen beitragt.

In KAPITEL 2 geben wir eine Synthese des status quo der Forschung iiber
Baumfroschhaftung—von der funktionalen Morphologie der Ballen bis zu experimen-
tellen Ergebnissen, welche die verschiedenen mutmafllichen Mechanismen der Baum-
froschhaftung unterstiitzen—und zeigen Liicken im Wissen iiber Baumfroschhaftung
auf. Eine Ubersicht der funktionalen Morphologie zeigt, dass Untersuchungen der
inneren Morphologie der Haftballen sowie der Chemie des abgesonderten Schleimes
notwendig sind, um das Verstindnis der Baumfroschhaftung zu vertiefen. Die Aus-
wertung aktueller analytischer Modelle sowie publizierter Daten und Beobachtungen
ergibt, dass die Hypothese der Nasshaftung als primérer Mechanismus der Baum-
froschhaftung nicht ausreichend belegt ist. Van der Waals Kréfte, denen aufgrund
des Schleimes auf der Oberfliche der Haftballen lange Zeit nur eine geringe Rolle
zugewiesen wurde, kénnen sehr wohl eine wichtige Rolle in der Baumfroschhaftung
spielen.

In KAPITEL 3 présentieren wir eine 3D Analyse der inneren Ballenmorpholo-
gie des Baumfrosches Hyla cinerea mittels Histochemie und Synchotron-Mikro-
Computertomografie. Das Hauptaugenmerk liegt auf der mechanischen Verbindung
zwischen der haftenden Ballenoberfliche und dem inneren Skelett des Zehs. Die ven-
trale Ballenoberfliache ist mit dem Skelett durch mehrere Wege der Kraftiibertragung
verbunden. Ein kollagenes Septum lauft von der ventralen Kutis bis zur Spitze der dis-
talen Phalanx und teilt das subkutane Ballenvolumen in einen distalen Lymphraum
und einen proximalen Raum, der mit Schleimdriisen gefiillt ist. Zudem verbindet eine
Kollagenschicht die ventrale Kutis iiber interphalangeale Ligamente mit der mittleren
Phalanx. Die Fasern, welche diese Schicht bilden, verlaufen in um die Transversalachse
der Ballen gekriimmten Trajektorien und formen unterhalb des Driisenraumes lateral
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getrennte Grate. Durch Finite-Elemente-Analyse und numerische Optimierung eines
Ballenmodels unter Scherbelastung zeigen wir, dass die Kollagenfasern vermutlich ent-
lang der mechanischen Hauptspannungsrichtungen verlaufen. Des Weiteren resultiert
die Optimierung ebenfalls in Gratformung, was vermuten ldsst, dass die Kollagen-
schicht an eine hohe Steifheit unter Scherbelastung angepasst ist. Schliellich enthiillt
immunohistochemisches Farben mehrere Einheiten von glatten Muskelfasern in den
Haftballen von Froschen. Diese muskuldren Strukturen kénnten es dem Baumfrosch
ermoglichen, die Verteilung der mechanischen Spannung auf der ventralen Haftbal-
lenoberfliche zu kontrollieren und somit die Haftstédrke zu modulieren.

In KAPITEL 4 widmen wir uns der Morphologie der Schleimdriisen in den Zehen und
Fingern sowie der Chemie des abgesonderten Schleims. Bei H. cinerea formen die sich
zur ventralen Ballenfliche hin 6ffnenden Schleimdriisen eine Makrodriise und wei-
chen somit deutlich in ihrer Morphologie von den sich zur dorsalen (nicht-haftenden)
Ballenoberfliche 6ffnenden Schleimdriisen ab. Wir konnten in den Fingern und Ze-
hen von mindestens 10—nicht ausschliellich arborealen—Familien der Neobatrachia
Schleim-Makrodriisen feststellen. Diese Beobachtung legt nahe, dass die Morpholo-
gie der Makrodriisen sowohl durch allgemeine funktionale Anforderungen, die von
‘Bodenkontakt’ herriihren (z.B. Schmierung und der Ausgleich von Schleimverlust),
als auch durch spezifische Anforderungen an Klettern und Haftung bestimmt ist.
Mittels Kryohistochemie sowie Infrarot- und Summenfrequenzspektroskopie konnten
wir zeigen, dass sich—im Gegensatz zur Driisenmorphologie—die allgemeine Chemie
des Schleims nur wenig zwischen verschiedenen Korperteilen innerhalb der Baum-
froscharten H. cinerea und Osteopilus septentrionalis sowie zwischen arborealen und
nicht-arborealen (Pyzicephalus adspersus und Ceratophrys cranwelli) Froscharten un-
terscheidet. Diese Beobachtung deutet auf die Bewahrung der chemischen Zusammen-
setzung des Schleims in der Evolution der Anura hin und spricht gegen eine Speziali-
sierung des Schleims zwecks Haftung.

In KAPITEL 5 haben wir die Haftstdrke der Baumfrosche H. cinerea und Litoria caeru-
lea mittels eines Drehtisch-Versuchsaufbaus experimentell gemessen. Durch die Mes-
sung des Effekts von Variationen in der nominellen Substrat-Rauheit auf die Haftung
von Baumfréschen haben wir die Rolle des in vorangehender Forschung vorgeschlage-
nen Haftmechanismus der mechanischen Verklettung ndher untersucht. Baumfrésche
haften sicher auf nano- und mikrorauhen sowie auf glatten Substraten. Erst ab einer
nominellen Substrat-Rauheit von ca. 15 pm fillt die Haftstédrke ab. Diese Beobachtung
stimmt nicht mit der Variation der Haftstéirke bei Anderung der Substrat-Rauheit
iiberein, die bei Vorhandensein von mechanischer Verklettung zu erwarten wére. So-
mit ist mechanische Verklettung in der Baumfroschhaftung vermutlich vernachlissig-
bar. Weiterhin zeigen Beobachtungen von sich in der Ablésung befindlichen Fréschen
mit unserem Versuchsaufbau, dass Baumfrosche mit nur zwei haftenden Gliedmafien
beachtlichen Tragheitskriften widerstehen kénnen. Dies deutet darauf hin, dass die
maximale Haftstdrke von Baumfroschen hoher ist als bisher berichtet.

Schliellich ordne ich in KAPITEL 6 die Ergebnisse dieser Dissertation in den wissen-
schaftlichen Kontext ein. Durch Kombination der Resultate der Literaturanalyse zum
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Thema Baumfroschhaftung, der Befunde der Forschungskapitel und der Erkenntnisse,
die an Baumfrosch-inspirierten Haftsystemen gewonnen wurden, erortere ich die Rele-
vanz der bisher vorgeschlagenen Mechanismen der Baumfroschhaftung. Ich schlussfol-
gere, dass Saughaftung und mechanische Verklettung vernachlassigbar sind. Ein Bei-
trag von hydrodynamischer Adhésion kann zwar nicht ausgeschlossen werden, scheint
aber eher eine Folge der feuchten Froschhaut als ein primérer Haftmechanismus zu
sein. Wahrend Kapillaradhésion bisher als primérer Adhésionsmechanismus genannt
wurde, deutet die Kombination der gewonnenen Einsichten darauf hin, dass Kapilla-
radhésion zusammen mit van der Waals Kréften als vorrangigem Mechanismus wirkt.
Des Weiteren verschaffe ich einen Uberblick iiber die aus dieser und fritheren Arbei-
ten gewonnenen Erkenntnisse iiber die Phylogenie der Haftballen der Baumfrosche,
um die vermutete konvergente Evolution der Haftzehen und -finger der Baumfrésche
zu erortern. Mehrere morphologische Merkmale (z.B. die mikrostrukturierte Balleno-
berfliche und die Makrodriisen in Zehen und Fingern) sind in diversen Familien der
Anura zu finden. Dies lasst vermuten, dass der gesamte Ballen eine funktionale Ein-
heit bildet und wirft die Frage auf, ob die Ballen das Ergebnis konvergenter Evolution
sind oder von einem gemeinsamen Vorfahren abstammen. Eine Diskussion der Evo-
lutionsgeschichte der Haftballen stimmt mit der vorhergehenden Diskussion {iberein
und hebt die Wichtigkeit von Fliissigkeitsabfuhr, Reibung, und van der Waals Kréaf-
ten in der Baumfroschhaftung hervor. Basierend auf den Resultaten dieser Arbeit
gebe ich Anregungen fiir die Gestaltung von Baumfrosch-inspirierten Haftsystemen.
Die Fahigkeit zur Fliissigkeitsabfuhr zeichnet die Haftballen von Baumfroschen als
hervorragendes Modell fiir die Entwicklung von technischen Nasshaftsystemen aus.
Weitere vielversprechende Anwendungsgebiete sind das Design von faserverstérkten,
mikostrukturierten Haftsystemen fiir Schwerlasten sowie die Erzeugung von Haftsyste-
men mit kontrollierbarer Haftung inspiriert durch die muskuléren Strukturen, welche
wir im biologischen Modell gefunden haben. Schliellich présentiere ich einen Aus-
blick auf mogliche Entwicklungen im Feld der Baumfroschhaftung in den kommenden
Jahren.
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