J Comp Physiol A (2011) 197:969-978
DOI 10.1007/s00359-011-0658-1

ORIGINAL PAPER

Elastic modulus of tree frog adhesive toe pads

W. Jon. P. Barnes * Pablo J. Perez Goodwyn -
Mohsen Nokhbatolfoghahai - Stanislav N. Gorb

Received: 4 November 2010/ Revised: 26 May 2011/ Accepted: 27 May 2011 /Published online: 12 June 2011
© The Author(s) 2011. This article is published with open access at Springerlink.com

Abstract Previous work using an atomic force micro-
scope in nanoindenter mode indicated that the outer, 10- to
15-um thick, keratinised layer of tree frog toe pads has a
modulus of elasticity equivalent to silicone rubber
(5—15 MPa) (Scholz et al. 2009), but gave no information
on the physical properties of deeper structures. In this
study, micro-indentation is used to measure the stiffness of
whole toe pads of the tree frog, Litoria caerulea. We show
here that tree frog toe pads are amongst the softest of
biological structures (effective elastic modulus 4-25 kPa),
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and that they exhibit a gradient of stiffness, being stiffest
on the outside. This stiffness gradient results from the
presence of a dense network of capillaries lying beneath the
pad epidermis, which probably has a shock absorbing
function. Additionally, we compare the physical properties
(elastic modulus, work of adhesion, pull-off force) of the
toe pads of immature and adult frogs.
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Introduction

In non-flying animal species, the evolution of climbing, a
prerequisite for the invasion of arboreal habitats, has
necessitated the development of adaptations that reduce the
risk of falling. In addition to claws found in many animal
groups, there are also structural adaptations for increasing
adhesion and friction that serve this role.

Although gluing and suction devices are found in some
groups, such as echinoderms (Paine 1926; Feder 1955;
Lavoie 1956; Thomas and Hermans 1985; Flammang et al.
1994, 1998; Flammang 1996; Berger and Naumov 1996;
Flammang and Walker 1997; Santos and Flammang 2005;
Santos et al. 2005a, b) and disk-winged bats (Schliemann
1970, 1971, 1974, 1975, 1983; Schliemann and Hoeber
1978; Schliemann and Rehn 1980; Thewissen and Etnier
1995; Riskin and Fenton 2001), the most common mech-
anisms for maintaining contact during climbing are dry and
wet adhesion.

In dry adhesion, epitomised by the ability of geckos to
climb smooth vertical surfaces and even run upside-down on
ceilings, there is direct contact between toe pad and sub-
strate, permitting adhesion by formation of intermolecular

@ Springer


http://dx.doi.org/10.1007/s00359-011-0658-1

970

J Comp Physiol A (2011) 197:969-978

bonds (van der Waals forces) between the surfaces (Hiller
1968; Autumn et al. 2002; Huber et al. 2005a). This per-
formance is achieved by the adhesive pads’ hierarchical
organisation, consisting of rows of lamellae bearing millions
of tiny, branched setae (2- to 10-pm wide, 100-um long),
each of which ends in hundreds of flattened spatulae (Huber
et al. 2005b). Because of their small size (200 nm x
200 nm x 20 nm thick), spatulae can achieve intimate
contact with the substrate (Persson and Gorb 2003;
Varenberg et al. 2010).

In wet adhesion, on the other hand, a fluid layer lies
between pad and substrate and adhesion is produced by the
combined effect of capillarity (surface tension forces) and
Stefan adhesion (viscosity forces). It is presumably this
fluid that produces the long dissipative bonds necessary for
good adhesion (Persson 2007). Capillary bridges elongate
considerably before they break, and the energy stored in the
stretched bridges is dissipated in the fluid rather than being
used to break other interfacial bonds. The adhesive pads of
both arboreal amphibians and a wide variety of insects
utilise wet adhesion and the adhesive pads may be either
‘hairy’ like those of geckos (e.g. flies, beetles) or ‘smooth’
(e.g. stick insects, grasshoppers, ants, amphibians) (see
reviews by Scherge and Gorb 2001; Barnes 2007).

Within the Amphibia, adhesive toe pads have evolved
independently in at least seven different families of frog,
giving rise to either torrent or tree frogs (Duellman and
Trueb 1997), and in arboreal salamanders (Green and
Alberch 1981). Within the frogs, there has been consider-
able convergent evolution, so much that it is usually not
possible to identify the family from the appearance of the
toe pads. Soft domed pads occur on the ventral surface of
the tip of each digit, the specialised pad epithelium being
delineated from normal skin by distinct grooves. The toe
pad epithelium is stratified columnar, and the hexagonal,
flat-topped epithelial cells are separated from each other at
their tips by fluid-filled grooves (Ernst 1973; Green 1979;
Emerson and Diehl 1980; Hanna and Barnes 1991; Smith
et al. 2006). Mucous glands secrete watery mucus into
these channels, so that adhering pads have a thin layer of
fluid between pad and substrate (Federle et al. 2006),
though, as described below, they may make contact in
places to promote friction. Different methods, including
scanning electron microscopy (Smith et al. 2006), trans-
mission electron microscopy (Ernst 1973) and atomic force
microscopy (Scholz et al. 2009), have revealed that the tops
of the epithelial cells are not flat, but consist of a dense
array of nanopillars, 300400 nm in both diameter and
height. Comparing these dimensions with the thickness of
the fluid layer as determined by interference reflection
microscopy (<30 nm) strongly suggests that the tips of the
nanopillars will be in direct contact with the substrate,
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promoting the considerable shear forces that the pads can
produce (Federle et al. 2006).

In many cases, surface roughness can increase friction,
but it is usually detrimental to adhesion. Indeed, as has
been pointed out by Persson et al. (2005), all natural sur-
faces are to some degree rough and this roughness occurs
over several different length scales. Such materials do not
stick to each other because the forces between neutral
molecules are negligible at separations of only a few
atomic distances and the roughness prevents sufficiently
close contact between the surfaces (Kendall 2001). One
solution to this problem is for the adhesive structure to be
extremely soft, so that it conforms to the contours of the
substrate, thus increasing actual contact (Peressadko et al.
2005). Thus, just as the performance of a tyre is as much
about the properties of the rubber and its inflation pressure
as about the structural features of the surface, so adhesion
and friction in biological systems depend as much on the
underlying properties of the materials they are made of as
the physico-chemical state of the outermost layer.

The use of the atomic force microscope in nanoindenter
mode indicates that the outer, keratinised layer of tree frog
toe pads, here shown to be 10- to 15-pm thick, has a
modulus of elasticity equivalent to silicone rubber
(5-15 MPa) (Scholz et al. 2009), but gives no information
on the physical properties of deeper structures. In this
study, micro-indentation is used to measure the stiffness of
the pad as a whole. By systematically varying the depth of
indentation, we have been able to examine the degree to
which the pad has a uniform stiffness. Additionally, we
demonstrate differences between the properties of imma-
ture and mature frogs that may partially explain the
increased adhesive efficiency of older compared to younger
frogs (Wuttke et al. 2008). A preliminary account of these
findings has been published in the abstract form (Barnes
et al. 2005).

Materials and methods
Animals

White’s tree frogs (Litoria caerulea White, Family Hyli-
dae) were purchased from commercial suppliers and
maintained in glass vivaria at 20-24°C using heat mats.
The vivaria contained foliage, dishes of Cu-free fresh water
to maintain a high humidity, branches on which the frogs
could climb and sphagnum moss for the frogs to burrow
into, all on a gravel base. They were fed on live house
crickets dusted with a calcium balancer and multi-vitamin
supplement (Nutrobal, purchased from Peregrine Live
Foods, Ongar, Essex, England) twice weekly.
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Light microscopy

Frogs were Kkilled via a lethal dose of Benzocaine. Nine
toes from each frog, four from the front and five from the
back, were fixed in 0.1 M phosphate-buffered 2.5% glu-
taraldehyde at pH 7.4 for 24 h. Specimens were then rinsed
in phosphate-buffered sucrose, post-fixed in buffered 1%
osmium tetroxide for 1 h and stained in 0.5% uranyl ace-
tate. Specimens were dehydrated in an alcohol series and
embedded in Araldite resin. Semi-thin sections (1 pum)
were cut on a Reichert Ultracut E ultramicrotome. These
were then mounted on microscope slides, stained with 1%
toluidine blue in 1% borax, and examined in a light
microscope over a range of magnifications.

Periodic acid/Schiff staining was used to confirm the
identity of structures in the toe pad region. The semi-thin
sections were de-resinised in saturated sodium ethoxide for
15-20 min (Imai et al. 1968). They were then hydrated in
an alcohol series and finally washed in running water for
10 min. Sections were treated in 1% periodic acid for
10 min, and then washed in running water for 10 min.
They were then transferred to Schiff’s reagent for
20-30 min before being washed in running water for
15-30 min. Finally, they were stained in Weigert’s hae-
matoxylin for 5-10 min, dehydrated, cleared in xylene and
mounted in the mounting medium, DPX (Electron
Microscopy Sciences per Science Services Ltd, London,
UK).

White light interferometry

White light interferometry (WLI) is a technique for
touchless measurement of surface topography in three
dimensions. In our experiments, carried out at room tem-
perature (24-26°C, 40-60% RH), we used a Zygo New-
View 5000 System (model 5010) to scan the toe pads of
frogs used in the indentation studies described below.
Metropro 7.9.0 software was used to calculate axial and
transverse radii of curvature of the pads from their 3D
surface profiles, information that is needed for the esti-
mation of toe pad stiffness (see below). The frog was
restricted, ventral side up, in a foam-lined clear plastic
Petri dish, with the distal portion of the limb (forelimb or
hind limb) passing through a hole in the lid. The limb was
firmly fixed with duct tape so that it could not move, and
only the toe pad to be examined was left exposed. Under
these conditions, frogs usually remained passive for a
period long enough (5-10 min) to do the scan and, when
freed, showed no signs of stress. These experiments, and
the nanoindentation experiments that followed, were car-
ried out on four frogs, two fully adult with snout-vent
lengths (SVLs) of 71.5 and 74.5 mm, and two immature

(28.05 and 28.55 mm SVL). We used the largest toe pads,
namely those on the third and fourth digits of the forelimbs.

Indentation experiments

Physical properties of the toe pads, including estimates of
elastic modulus, work of adhesion and pull-off force, were
studied by means of micro-indentation (Gorb et al. 2000;
Kohane et al. 2003; Perez Goodwyn et al. 2006). Our
experiments utilised a Basalt 01 microtribometer (Tetra
GmbH, Germany), with indentation being produced by
spheres of three different sizes, a 1.5-mm-diameter sap-
phire sphere and glass spheres of 264- and 64-pum diameter.
The experiments were carried out at room temperature on
frogs prepared as for white light interferometry. In all
cases, the centre of the pad was indented.

The experimental procedure involved a cycle in which
the pad was loaded and then, after a 5 s pause, unloaded
again (Fig. 1). Applied load and depth of indentation were
both measured (see Scherge and Gorb 2001 for details),
and an indentation depth versus applied force curve gen-
erated for each indentation. From this curve, the effective
elastic modulus can be estimated by fitting the curve
according to the JKR theory (Johnson et al. 1971). This
calculation requires information on the radius of curvature
of both pad and indenter sphere and the spring constant of
the load sensor. The spring constant was calculated
experimentally by pressing on a solid surface (glass slide)
and measuring the slope of the force/distance relationship
(Nm™).

Using an unpublished program ‘Fitting Tools’ (written
by A. Peressadko), the obtained force-indentation data,
adjusted to account for any displacement of the load sensor
(spring constant information), were fitted according to
Johnson, Kendall and Roberts (JKR) contact theory
(Johnson et al. 1971) (Eq. 1):

3_ R (P+3WnR+\/{6W7TRP+(3W7TR)2}) (1)

a =

eff
where a is the radius of the zone of contact between two
smooth elastic spherical bodies, E. is the effective elastic
modulus, R is the composite or effective radius of
curvature of the two bodies in contact, P is the force, and
W is the work of adhesion. Mathematically, 1/R is the sum
of the curvatures (inverse radii) of the two bodies (Eq. 2).

1 1 1

B R 2
R R, +R2 @)
where, R, and R, are the radii of the toe pad and indenting
sphere, respectively. Since we are measuring pad stiffness

rather than elasticity per se, the effective elastic modulus
was calculated from the fitting of the load curve. As the
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Fig. 1 Results from a representative indentation of one of the larger
toe pads of a mature adult L. caerulea (area of pad, 10.2 mm?) using a
sapphire sphere (1.5 mm diameter) and an indentation velocity of
23 um s~". The movement of the indenter is plotted in (a), while the
force resulting from indentation is shown in (b). F,, normal force; F,
pull-off force. ¢, d force distance plots (blue lines) and the fitted
curves (red lines and dots representing 95% confidence intervals).
The effective elastic modulus estimated from (¢) was 4.45 kPa, while
the work of adhesion estimated from (d) was 0.08 Jm 2

work of adhesion is 0 during loading, Eq. 1 simplifies to
the Hertz equation (Hertz 1881)
3 _ R-P

Eett

a (3)
during the part of the cycle used for measuring the stiffness
of the toe pad.

The radius of the zone of contact (a) depends upon the
reduced radius of contact of the two bodies (R) and the
indentation depth (6) approximately according to the fol-
lowing equation (so long as 6 < R):

0=— 4
> @
Combining Eq. 3 and 4 gives:
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Since R is a constant, E.;; will be defined by the slope of
the relationship between ¢ and P (Scherge and Gorb 2001).

It should be noted that the Poisson’s ratio of the sample
is not known as we are dealing with a composite biological
material. We thus estimate the effective elastic modulus
(Eefr) rather than the actual Young’s modulus. They are
linked by the following relationship:

1 3/1—1? 1—v%
— . 6
Eest 4( E + Ey > (6)

where, E is the Young’s modulus and v is the Poisson’s
ratio of the toe pad, the same parameters for the indenter
being given by E, and vy (Johnson 1985). As the indenter
material is much harder than the toe pad material, we can
simplify Eq. 6 yielding:

ST

The work of adhesion (W) is the energy per unit of area
(Jmfz) needed to separate two bodies in contact. It was
estimated from the unload curve using the curve-fitting
procedure described above, but using the full JKR equation
(Eqg. 1) rather than the Hertz equation (Eq. 3). Although
there are now two unknowns, E.¢ and W, they affect the
relationship between ¢ and P in different ways. E.¢ defines
the slope of the relationship, while W determines the
position of the P versus o relationship on the Y-axis. Thus,
both parameters may be estimated from the fitted curve.

The final piece of information obtainable from these
measurements is the pull-off force (Fpp). This was mea-
sured directly from the force—displacement data.

A full account of the methodology of indentation
appears in Scherge and Gorb (2001).

Results
Toe pad histology

Toe pads are located ventrally on the distal ends of each
digit, and are delineated laterally and distally by a cir-
cumferal groove. Semi-thin sectioning (Fig. 2) shows that
the toe pad epidermis consists of four layers of columnar
epithelial cells. The outermost layer is keratinised and non-
living, and stains darkly in the sections. This layer is much
thicker in the toe pad region than in dorsal or lateral skin (ca
15 pum compared to ca 3 pm). In the region of the toe pad,
but not elsewhere, the epithelial cells of this outer layer can
also be seen to be separated from each other at their tips.
The underlying dermis is highly vascularised in the ventral
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Fig. 2 Transverse section of toe of immature L. caerulea stained with
toluidine blue to show its internal anatomy. Inset (top right) is an
enlarged view of the region outlined by the rectangle to show the four
layers of epithelial cells that constitute the epidermis of the toe pad.
BV blood vessels, CFG circum-feral groove, D dermis, DC digital
cartilage, DE dorsal epidermis, KOL keratinised outer layer, MG
mucous gland, PE pad epidermis

part of the toe, blood vessels being identified by the pres-
ence of nucleated red blood cells within them. Mucous
glands are located dorsally, just beneath the dorsal epider-
mis, and the presence of mucus was confirmed by Periodic
acid/Schiff staining (not shown). In some sections, the
mucous ducts can be seen below the glands. Such ducts will
transport mucus to the surface of the toe pad, though ven-
trally located mucous glands (not visible in Fig. 2) also play
the same role. Lying in the middle of the toe is the distal
phalanx. Examination of serial sections demonstrates that
the toe pad extends distally beyond the end of the phalanx.

Surface topography

When not in contact with a surface, the toe pads of
L. caerulea are domed. Their radii of curvature were esti-
mated by white light interferometry, which also provides an
overview of their surface topography (Fig. 3a, b). Multiple
measurements (<6) were made of each toe pad examined,
and the mean values appear in Table 1. The toe pads of the
immature frogs were broader than they were long, which
resulted in a greater radius of curvature in the transverse
than the axial plane. No such difference was obvious in the
mature adult frogs, where radii of curvature were consid-
erably greater (i.e. their pads were flatter). The geometric
mean of these transverse and axial plane values was used for
the calculations of E.¢ and W (see Table 1; Eq. 2).

Toe pad indentation

Micro-indentation studies were carried out on four frogs,
two mature adults and two young immature frogs. In all
cases, we indented the toe pad of the third digit of a forelimb.
In our experiments, we systematically varied indentation

Fig. 3 Use of white light interferometry to measure toe pad curvature
of one of the larger toe pads of a mature adult L. caerulea (area of
pad, 10.2 mm?). a A pad height map; b a 3D reconstruction of toe pad
shape (oblique plot). The radii of curvature estimated in this instance
were: X (transverse plane) = 5.1 mm; Y (axial plane) = 2.9 mm

Table 1 Toe pad radii of curvature obtained by white light inter-
ferometry from digits 3 or 4 of the forelimbs

Frog X (mm) Y (mm) VX.Y (mm)
1. SVL = 74.5 mm 4.07 4.48 4.27
2. SVL = 71.5 mm 5.35 5.81 5.58
3. SVL = 28.05 mm 1.57 0.75 1.08
4. SVL = 28.55 mm 1.35 0.72 0.98

SVL snout-vent length, X transverse plane, Y axial plane

depth and used three indenter tips of different diameter.
Velocity of indentation was 15 pm s~' for the immature
frogs and for equivalent indentations of the adult frogs, and
23 um s~ for larger indentations of the adult frogs. We
were able to measure pull-off force directly and estimate
effective elastic modulus and work of adhesion as described
in “Materials and methods”. The measured spring constants
of our force transducers were as follows: 104.5 N m~" for
the 1.5-mm indenter, 206.6 N m~! for the 264 pm indenter
and 104.3 N m~" for the 64-um indenter (indenters were
glued to springs acting as force transducers).

Examination of the raw data (Fig. 1) or a video of an
indentation experiment (see Supplementary material) gives
a good qualitative impression of the physical properties of
the toe pad. The pad material is clearly very soft as it

@ Springer
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Fig. 4 Images of indentation with the 1.5 mm-diameter sapphire
sphere. a start of indentation, b maximum indentation, ¢ point just
before indenter loses contact with the pad during withdrawal of the

moulds to the shape of the indenter as the latter is pushed
into the pad surface (Fig. 4b). The force (F,) then declines
slightly during the stationary period between load and
unload (Fig. 1), indicating some viscoelasticity. During the
unload part of the cycle, the surface is pulled outward
before detaching (Fig. 4c) showing that it is sticky (tacky).
Ultimately, it returns to its original shape, demonstrating
that it is elastic rather than plastic.

Young’s modulus of elasticity (or in our case the
effective elastic modulus) is a quantitative measure of a
material’s stiffness; soft materials have a low value, while
hard materials have a high one. Most of our data, irre-
spective of indentation depth or indenter diameter, lie in
the range 4-25 kPa (Figs. 5a, 6a). We recognise that Hertz
and JKR equations were not written for materials where
there is both a stiffness gradient and evidence of visco-
elasticity. Indeed, the relatively stiffer outer layer measured
by atomic force microscopy (Scholz et al. 2009) means that
shallow indentations are dominated by the bending of the
outer layer giving a linear relationship of force and dis-
placement. However, log:log plots of force/distance data
from the deeper parts of deeper indentations do not deviate
greatly from the slope of 0.67 predicted by Eq. 5 (data not
shown), so we are confident that these stiffness values are
approximately correct. The higher E.¢ values for shallower
indentations (Fig. 4) can be presumed to reflect the influ-
ence of the stiffer outer layer. Our data also indicate that
the tissue is slightly viscoelastic, but a different experi-
mental design and other contact models are required to
study this further.

Clear effects of indenter diameter on E.y were only
apparent for small frogs where both 264 and 64 pum-
diameter indenters were used (Fig. 6a, box plots for frogs 3
and 4). Here, statistically significant increases in Eq¢ values
were recorded using the smaller indenter. The most prob-
able explanation of this is that small indenters measure
stiffness over a smaller area and depth than larger ones.
Thus, the E.¢ values estimated by the 64-pum indenter were
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indenter, d end of indentation. These images come from the video
(see Supplementary material)

less affected by the soft central parts of the toe pad.
Comparisons of pad stiffness between juvenile and mature
frogs can be obtained from the central four box plots of
Fig. 5a. Here, the mature frogs had lower values for Eg.

The work of adhesion or interfacial energy is the energy
that must be expended to separate a unit area of interface, in
our experiments the interface between the indenter and the
toe pad. The usual units are J m~> (or their equivalent,
N m™"). The work of adhesion increased with indentation
depth (Fig. 5b) for both frogs tested. It was also higher for
the smaller than the larger frogs when they were compared
(data from 264 pm-diameter indenter) (Fig. 6b). Effects of
indenter diameter were less clear-cut, as values decreased
when the indenter diameter was changed from 1.5 to 264 pm
(larger frogs), but increased when the indenter diameter was
changed from 264 to 64 pum (small frogs) (Fig. 6b).

The pull-off force is a direct measurement of pad adhe-
sive force, but probably does not reflect the frog’s adhesive
abilities, since pads readily detach from surfaces when the
pulling angle is 90°, but produce much greater adhesive
forces at pulling angles of about 30° (Barnes et al. 2008).
The effects of indentation depth on pull-off force were
ambiguous in the two frogs examined, since increasing
depth lowered pull-off force in one frog, while increasing it
in the other (Fig. 5c). More clear-cut results are seen when
effects of frog size and indenter diameter were considered.
Immature frogs had greater pull-off forces than adult ones
(comparison with 264 pum-diameter indenter) (Fig. 6¢),
while reducing indenter diameter reduced pull-off forces in
both adult and immature frogs (Fig. 6¢).

Discussion

Physical properties of toe pads

The elastic modulus (or in our case, the effective elastic
modulus as the Poisson’s ratio for toe pads is not known)
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provides a quantitative measure of material stiffness, an
important parameter for adhesion. As Figs. 5a and 6a
show, most of our measurements lie in the range 4-25 kPa.
Toe pads are thus amongst the softest of biological
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(b) and pull-off force (c¢). The box plots show median value (/ine), 25
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bars) and outliers (filled circles). Comparisons were made after
combining data from similar sized frogs. The larger (adult) frogs had
a lower E.g, a lower work of adhesion and a lower pull-off force than
the smaller (immature) frogs with the 264 um-diameter indenter. For
the large frogs, decreasing the indenter diameter from 1.5 mm to
264 pm resulted in a small decrease in E.¢, a decrease in the work of
adhesion and a large decrease in the pull-off force. For the small
frogs, decreasing the indenter diameter from 264 to 64-pm diameter
resulted in an increase in E.¢, a small increase in the work of adhesion
and a drop in the pull-off force. Because of the small sample size (two
frogs of each age group), statistical tests cannot be used to test the
significance of these differences
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materials, equivalent to jellyfish jelly or sea anemone
mesogloea (E ~ 10 kPa). Although not as soft as adipose
tissue (E ~ 3 kPa; Samani et al. 2007), values are much
lower than for aorta (E = 500 kPa), cartilage (F =~
20 MPa) or for that matter silicone rubber (E ~ 1 MPa).
At the opposite extreme, tooth enamel has an E value of
60,000 MPa. Tables showing Young’s moduli of elasticity
for common biological materials appear in Vogel (2003),
from which the above examples were taken. Elastic moduli
of smooth adhesive pads of ensiferan insects (crickets,
long-horned grasshoppers) are comparable with those
obtained for tree frogs (25-100 kPa), whereas the moduli
of caeliferan insects (locusts, short-horn grasshoppers) are
much higher (250-750 kPa) (Perez Goodwyn et al. 2006).

Tree frog toe pads do not, however, have a uniform
stiffness. As Scholz et al. (2009) showed, the epithelial
surface has a much higher stiffness (5-15 MPa) as mea-
sured by atomic force microscopy, while this study
(Fig. 5a) showed an inverse relationship between indenta-
tion depth and stiffness, implying the presence of softer
materials beneath the surface. Such a gradient of stiffness
fits well with toe pad histology, since the outer cell layer is
keratinised and a capillary network lies beneath the epi-
dermis (Fig. 2). Such an arrangement might provide an
abrasion-resistant outer layer that, due to the soft tissues
and fluids lying beneath, would have enough flexibility to
allow a degree of moulding to surface asperities, thus
enhancing both friction and adhesion. Similar gradient
properties were obtained for smooth adhesive pads of
orthopteran insects Tettigonia viridissima and Locusta
migratoria (Gorb et al. 2000; Perez Goodwyn et al. 2006).
It seems that such an optimised solution for (1) increased
ability to form an intimate contact with various surface
profiles and (2) increased wear resistance evolved inde-
pendently in smooth attachment devices of such distantly
related animal groups as insects and frogs.

These conclusions do, however, contrast with AFM data
recently obtained on the smooth adhesive pads of stick
insects (Scholz et al. 2008). These authors showed that an
extremely soft outer layer, presumed to be the epicuticle,
overlies a much stiffer one (the procuticle). Such an
arrangement will promote good conformation to surface
asperities, but at the expense of wear resistance. Although
these results contradict previous data on the epicuticle of
other insects (Barbakadze et al. 2006), it is important to
point out that stiffness differences between adhesive pad
cuticle and cuticle from elsewhere in the body might be
expected. Also, the indentation depths (>35 um) used by
Gorb et al. (2000) and Perez Goodwyn et al. (2006) would
not have resolved the stiffness of a layer as thin as the
epicuticle (thickness 100-300 nm).

Although our sample size is small, our study also sug-
gests that the toe pads of the mature frogs have

@ Springer

significantly lower values for E.; than immature ones, a
fact that could at least partly explain the increased toe pad
efficiency of L. caerulea with age (Wuttke et al. 2008).
Surprisingly, the material itself in older individuals (as we
show in this study) has a lower work of adhesion and
generated lower pull-off forces than that in younger indi-
viduals. We can only explain this contradictory effect by
the fact that the pads of adult frogs are larger and less
domed (larger radii of curvature) than those of smaller
frogs (Table 1). The stiffer outer surface of toe pads
(Scholz et al. 2009) would be more resistant to indentation
when it was more domed. This effect may give rise to
increased values of E.g in immature frogs.

The work of adhesion increased with indentation depth
(Fig. 5b) for both frogs tested. A possible explanation is that
viscoelastic properties of the pad may cause such an adhe-
sion-on-depth effect. The resting part of the force—time
curve (Fig. 1b) shows that the pad material relaxes under the
applied load. At higher indentation depth, due to the material
relaxation, the real contact area between both the indenter
and pad will be higher than that predicted by JKR (which
assumes ideally elastic materials in contact). Because of
such a disproportionally increased contact area, the work of
adhesion will be stronger at higher indentation depths
(according to JKR, it should not change). It was also higher
for the younger than for the older frogs when they were
compared (data from 264 pm-diameter indenter) (Fig. 6b).
Immature frogs also had greater pull-off forces than adult
ones (comparison with 264 pm-diameter indenter) (Fig. 6¢).
Certainly, biological materials change with age. It has been
previously shown that younger cockroaches have softer
adhesive pads and perform better on smooth inclines than
older ones (Ridgel et al. 2003; Ridgel and Ritzmann 2005).

In both adult and immature frogs, higher pull-off forces
were obtained with larger indenters. This is not surprising,
because of the greater area of contact, as theory would
predict (Butt et al. 2010).

Possible role of blood system in toe pad function

It is well established that some insect smooth pads, for
example the arolia of bees and ants, can be inflated
hydraulically by increases in haemolymph pressure
(Federle et al. 2001). However, to the best of our knowl-
edge, our finding that there is a dense network of capillaries
in the dermis beneath the toe pads of L. caerulea has not
been previously noted. It is, however, strikingly similar to
the blood sinuses that occur beneath the hairy adhesive pads
of geckos (Russell 1975). These structures are thought to act
as a hydrostatic skeleton maintaining pressure on the
scansors that hold the adhesive setae. Flexion of the digit
causes the penultimate phalanx to press down on the sinus,
bringing about an increased pressure that causes the pad to
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be pressed onto the substrate. Promoting close contact with
the substrate when increased adhesion or friction was
required could also be a role for the capillary network in L.
caerulea. However, a more important role of the sinus is
likely to act as a shock absorber. This is particularly
important when landing on a vertical surface after a jump.
Having soft inelastic material beneath the pad reduces the
risk of elastic recoil, increases contact time for adhesion and
increases contact area. The soft pad will also mould itself to
the contours of the landing surface. Since blood pressure is
under physiological control, there is also the possibility of
the frog altering the stiffness of its pads according to need.
The limbs, especially the forelimbs, also play an important
role during landing after a jump in damping the kinetic
energy of the flight phase (Nauwelaerts and Aerts 2006).

Biomimetic relevance

Most man-made adhesive tapes are poor at adhering to the
wet and flooded surfaces that tree and torrent frogs are able
to climb on and, therefore, unravelling and understanding
the frog’s solution is of significant scientific and techno-
logical relevance. Such a study must necessarily involve
both observation and studies of the biological system, and
fabrication of simplified artificial toe pad models where the
effect of the individual design parameters can be analysed
and quantified precisely. Such a combination of methods
will allow us to establish the design principles necessary to
obtain artificial analogues with similar performance. This
paper, for instance, has demonstrated the need for such
analogues to be made out of soft materials having partic-
ular mechanic properties.

Up until now, attempts to enhance adhesion in wet con-
ditions based on natural principles have mainly concentrated
on the gluing mechanisms of mussels (Lee et al. 2006, 2007),
though one of us has been studying the properties of micr-
opatterned surfaces inspired by insect adhesive mechanisms
(Varenberg and Gorb 2008, 2009). Like these micropat-
terned insect-inspired surfaces, tree frog pad-inspired
adhesives seem to rely on a particular surface topographic
design and less on the presence of particular chemical
compounds. This seems to be a more generic principle, able
to be implemented in a great variety of technological sectors.
Improved wet weather tyres (Barnes 1999; Barnes et al.
2002; Persson 2007), non-slip footwear, plasters for surgery
able to adhere to tissue and holding devices for neurosurgery
or MEMS devices are examples of the many uses to which
these toe pad analogues might be applied.
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