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snake species
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On the basis of structural and experimental data, it was previously demonstrated that the
snake integument consists of a hard, robust, inflexible outer surface (Oberhdutchen and
B-layer) and softer, flexible inner layers (a-layers). It is not clear whether this phenomenon
is a general adaptation of snakes to limbless locomotion or only to specific conditions, such
as habitat and locomotion. The aim of the present study was to compare the structure and
material properties of the outer scale layers (OSLs) and inner scale layers (ISLs) of the exu-
vium epidermis in four snake species specialized to live in different habitats: Lampropeltis
getula californiae (terrestrial), Epicrates cenchria cenchria (generalist), Morelia viridis
(arboreal) and Gongylophis colubrinus (sand-burrowing). Scanning electron microscopy
(SEM) of skin cross sections revealed a strong variation in the epidermis structure between
species. The nanoindentation experiments clearly demonstrated a gradient of material prop-
erties along the epidermis in the integument of all the species studied. The presence of such a
gradient is a possible adaptation to locomotion and wear minimization on natural substrates.
In general, the difference in both the effective elastic modulus and hardness of the OSL and
ISL between species was not large compared with the difference in epidermis thickness

and architecture.
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1. INTRODUCTION

Snakes are limbless reptiles that use their entire body for
sliding locomotion. This supposes that the epidermis,
especially that of the ventral body side, has to perma-
nently endure friction forces. Because the epidermis is
constantly in contact with the solid substrates, one can
expect some specializations in the snake epidermis against
abrasion [1]. Such specializations include layered organiz-
ation of the epidermis, material properties of the
epidermis and its surface microstructure.

Even though snakes from different lineages have
different body size, scale dimension, body shape and
body mass [2], previous morphological examinations
have shown that their epidermis basically consists of
six layers overlying the dermis [3,4]. The following epi-
dermis layers from the outer scale surface towards the
dermis are known (figure 1c¢): (i) the Oberhdutchen,
(ii) B-layer, (iii) mesos-layer, (iv) a-layer, (v) lacunar
tissue and (vi) clear layer. On the basis of structural
data, it has been previously assumed that the epidermis
of snakes consists of a hard, robust, inflexible outer sur-
face (Oberhdutchen and B-layer) and soft, flexible inner
layers (a-layers) [3,6,9—19]. In our previous study [1],
we used the nanoindentation technique, which has been
previously used to evaluate local mechanical properties

*Author for correspondence (mklein@zoologie.uni-kiel.de).

Received 15 June 2012
Accepted 24 July 2012

3140

of various biological materials [5,20,21]. Both the effec-
tive elastic modulus (EEM) and hardness (HD) of the
outer and inner epidermis layers of the ventral scales of
the Kenyan sand boa (Gongylophis colubrinus) exuvium
were characterized [1]. The results obtained provided evi-
dence for the presence of a gradient in material properties
in the G. colubrinus skin.

Although it is known that the epidermis of snakes
consists of six main layers, there has not been a single
study comparing the cross-section architecture of
these layers between different snake species inhabiting
different environments and preferably using different
modes of locomotion. From previous studies [10,
22-29], it is known that between different snake species
the scale surface microstructure can vary significantly
even between representatives of the same family. That
is why these microstructures have been used for taxo-
nomic purposes, but with a limited success. Scale
microstructures vary between dorsal, lateral and ventral
body regions within a single species [1,30]. In a few
experimental studies, these microstructures have been
shown to influence frictional properties of different
skin regions [30—32]. Furthermore, depending on func-
tion, the scale surface microstructure may also vary
within one body region. For instance, the surface struc-
ture of the infrared imaging pit organ scales reveals
indistinguishable geometrical parameters in contrast
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Figure 1. (a) Schematic diagram of the indentation system set-up with the coil-magnet assembly for load application, the capacitive
displacement sensor and the indenter shaft support springs [5]. (b) Schematic drawing of the epidermis on scale level. The black
square illustrates the skin part that was tested. (¢) Diagram of the cross section of the snake integument (after [6—8], and the present
study). Triangles indicate the indentation depth undertaken in this study. ISL, inner scale layers; ISS, inner scale surface; OSS, outer
scale surface. Figure 1a was adapted with permission from Barbakadze et al. [5]. Adapted with permission from Klein et al. [1].

to the surrounding surface and other body scales. The
characteristic array of nanopits, plate dimensions and
terrace-like microstructure exists in all snakes with
infrared imaging capability independent of species and
age. It is suggested that both the spacing and dimen-
sions of these structures play an important role in the
ability to detect and enhance the absorption of infrared
radiation [33—38].

In sliding contacts, local stress concentrations on the
surface lead to material fatigue and failure. The surface
is more effective against abrasion wear, if it has a gradi-
ent in material structure and properties, because it
leads to a more uniform stress distribution, and thus
to the minimization of local stress concentrations
[39-42]. A hard, inflexible surface material easily
forms cracks under pressure, whereas a soft flexible
system will be easily worn off under shear stress. As
we have previously assumed [1], the gradient in material
properties from a stiff surface to a soft depth will
improve wear resistance in snake skin by combining
the advantages of stiffness and flexibility.

The exuvium surface geometry of shed epidermis
does not differ from that of a live animal (M.-C. G.
Klein 2010, personal observation). In a living snake,
each scale has two exposed sides (called hereafter the
outer scale layer (OSL)): (i) the outer scale surface
(OSS)—which is in contact with the substrate—and
(ii) the inner scale surface (ISS)—which is in contact
with the following scale. Both the OSS and ISS are com-
posed of the six cell layers mentioned above. The
epidermis side that is facing the stratum germativum
is here called the inner scale layer (ISL), which becomes
exposed after the skin has been shed (figure 1b).

The aim of this study is to understand structural
and mechanical properties of the skin as possible
adaptations to a limbless way of life. For this purpose
the structure of epidermal layers was compared between
snake species inhabiting different environments, moving
on different substrates and using different locomotion
types. The local material properties of the OSL and
ISL of the ventral exuvium surface within a species, as
well as between the four selected species were com-
pared. Exuvia of the king snake (Lampropeltis getula
californiae), the Brazilian rainbow boa (Epicrates
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cenchria cenchria), the green tree python (Morelia
viridis) and the previously studied Kenyan sand boa
(G. colubrinus) were used in this study.

Lampropeltis getula californiae is a relatively fast-
moving terrestrial snake that inhabits woods, scrubs
and cultivated land from the southeast of the United
States to Mexico. It is a slim snake with a round to
square body cross section. It mostly uses lateral undula-
tion to move forward. Epicrates cenchria cenchria is a
generalist, which means it inhabits trees, water, rocks
and terrestrial habitats in tropical rainforests. It is a
relatively heavy snake with a round body cross section.
It employs lateral undulation and rectilinear locomotion.
Morelia viridis is an exclusively arboreal snake inhabiting
tropical rainforests in Papua New guinea and Australia.
Like all typical arboreal snakes, it has a laterally flattened
body cross section. It does not move much, except when it
catches prey. During prey capture, it catapults its body
towards the prey and then pulls itself back with the
help of its tail, which remains attached to the tree. Gon-
gylophis colubrinus inhabits the Kenyan desert and
moves either through the sand or on it. During loco-
motion, its epidermis is in continuous sliding contact
with highly abrasive sand particles. The way it moves
in sand has not yet been studied, but on the sand, it
uses mostly lateral undulation [2,43-45].

2. MATERIAL AND METHODS
2.1. Animals

Adult female exuvia of G. colubrinus, L. g. californiae
and E. c¢. cenchria (kept at the University of Kiel,
Germany), and M. viridis (reared at the Zoo Leipzig
GmbH, Germany) were studied. Gongylophis colubrinus
was reared on desert sand white (Hobby Terrano,
Gelsdorf, Germany) in a 100 x 50 x 60 cm (width x
height x depth) terrarium. Lampropeltis getula califor-
niae was reared on bark mulch (Plantania, Florasan
GmbH, Kempen, Germany) mixed with Sphagnum
moss in a 120 x 50 x 60 cm terrarium. Epicrates cen-
chria cenchria was reared on the same substrate as
L. g. californiace in a 180 x 100 x 90 cm  terrarium.
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Morelia viridis was reared in a 210 x 220 x 130 cm
terrarium with plants and branches as the substrate.

2.2. Nanoindentation

The experimental set-up was the same as described in
Klein et al. [1], in which the Nano Indenter SA2
(MTS Nano Instruments, Oak Ridge, TN, USA)
equipped with the continuous stiffness measurement
(CSM) technique, allowing testing of soft biological tis-
sues or gels [21,46], was used for dynamic indentation
tests. Nanoindentation is a technique to measure the
mechanical properties of small volumes of material
[47—-49]. From obtained force—displacement curves,
both HD and elasticity modulus of materials can be
determined [47] at penetration depths ranging from
several hundred nanometres to few dozens of micro-
metres [21]. HD and elasticity were acquired from the
following equations [47,50]:

p max
H= ,
A

(2.1)

where H is hardness, P, is the maximal load and A, is
the contact area,

S
Egp =5 —F#

2 B-VAS
with E. being the reduced (or effective) elastic mod-
ulus, B, the correction factor for the indenter form,
and S, the contact stiffness. Owing to the variation
of material structure in the depth of biological samples,
mechanical properties might fluctuate considerably
with depth [21]. Therefore, the CSM method was
applied, which allows measurements of mechanical
properties as a function of depth [21,47]. In our
previous work, we successfully applied this method
for mechanical characterization of biological samples
such as insect cuticle [5,20], plant cuticle [21] and
snake skin [1].

3

(2.2)

2.3. Sample preparation and test procedure
for nanoindentation

Exuvia scales from G. colubrinus, L. g. californiae,
E. c. cenchria and M. viridis, were cut from ventral,
mid-body regions, attached to an aluminium sample
holder, as described in Klein et al. [1] in one of the two
ways: (i) the OSL (Oberhiutchen/B-layer) of the OSS
facing the indenter tip; (ii) the ISL (clear-layer) of the
OSS facing the tip. This way the mechanical properties
into the direction perpendicular to the surface and to
the keratin fibres were obtained. The results acquired
from this experimental setup are relevant to the way
how the forces are acting on the snake skin during loco-
motion [1]. Three to six individual scales were tested.
A total of 25—50 individual indentations on the posterior
margin of the scale were carried out on each individual
scale. The samples were loaded under constant strain
rate conditions with a rate of 0.02s ' to a maximum
penetration depth of 10 pm (for further details see [1]).
To ensure proper surface detection, the procedure
described in Deuschle et al. [46] was used.
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2.4. Scanning electron microscopy of
cross sections

Ventral scales of G. colubrinus, L. g. californiae,
E. c. cenchria and M. wiridis exuvia were cut and
mechanically fixed on a specimen holder in a vertical
position, so that the fractured material could be exam-
ined in the cross-fracture. The fracture was produced by
cutting over the fixed sample using either a razor blade
or very sharp scissors. Samples were then sputter-coated
using the internal sputter of a Gatan ALTO 2500 Cryo
system (Abingdon Oxon, UK) with gold-palladium
(6 nm thickness and a rate of 1:9). The samples were
observed at room temperature, using a Hitachi-S4800
(Tokyo, Japan) scanning electron microscope (SEM) at
an accelerating voltage of 2—5 kV.

2.5. Scanning electron microscopy of the
scale surface

Exuvia (5 x 10 mm pieces) of ventral, dorsal and
lateral scale regions of G. colubrinus, L. g. californiae,
E. c. cenchria and M. viridis were cut and mechanically
fixed on specimen holders in a horizontal position, with
either the OSS or the ISS pointing upwards, so that the
scale microstructure could be examined. Samples were
also sputter-coated with gold—palladium (10 nm thick-
ness and a rate of 1:9), using the Leica EM SCD 500
(Wetzlar, Germany) and observed in the SEM, as
described before.

3. RESULTS

3.1. Morphological examination of the
scale surface

The study of the exuvia using the SEM revealed that the
ventral scale microstructure varies between the four
snake species. The OSS of the dorsal, ventral and lateral
scales of G. colubrinus and L. g. californiae bear strap-
shaped cuticle cells, which exhibit round pits (table 1
and figure 2). The cells of the ventral, lateral and dorsal
scales of E. c. cenchria change from polygonal to strap-
shaped from the caudal to cranial part of the scale. The
cells of the ventral and lateral scales of M. wviridis
change from polygonal to strap-shaped from the caudal
to cranial part of the scale. The dorsal cells of M. viridis
are strap-shaped in which denticulations create poly-
gonal boundaries. Both polygonal- to strap-shaped cell
types exhibit round pits (table 1 and figure 2).

The epidermis of G. colubrinus (figure 2b,c¢) shows a
variation in the scale microstructure, when comparing
the ventral and lateral sides of the body (figure 2b)
with the dorsal one (figure 2¢). Cells of all scale types
(ventral, lateral and dorsal) have caudal elevations
and random denticulations with irregular, round pits
from the cranial to central part of the scale. However,
in contrast to the dorsal scales bearing denticulations
aligned in comb-like rows running perpendicular to
the longitudinal body axis, the exposed parts of both
lateral and ventral scales are relatively smooth, with
little to no microstructure [1]. The microstructure that
can sometimes be observed on the centre to caudal
part of the ventral and lateral scales looks like an
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g:o B - imprint of the cuticle cells with long longitudinal
< 58 % g furrow-like lines arranged on top of the cells, and
> © E %f E g round, small grooves in-between.
fn | U 1 [79) .
g g %ﬁ =S = Ventral and lateral scale microstructure of
£ E= g T OB . L. g. californiae consists of rather sharp, relatively long,
%@ 5 ?3 k= % %@ B % regular, densely packed denticulations with longi-
B :{ (20 E “; b= 3 “ § o tudinal pits between denticulations in the caudal part
E%S S gqig 3 2 of each scale (figure 2e). Similar to G. colubrinus,
8| = @Cﬁ) QBT E % B;; % L. g. californiae has cells on the ventral and lateral
'% o= © 2 22 8% 5z 8 scales with caudal elevations, random denticulations and
| 28 S ERO0ZB &8 R round pits from the cranial to central part of the scale.
g % 8 M | | | The dorsal scales of L. g. californiae exhibit spiky, large
810 denticulations with large, irregular and round pits from
the caudal to central part of the scale (figure 2f), and
TR spiky, small, irregular denticulations with small round
o= ~ g =2 g pits from the centre to the cranial scale region.
g g g Ch= = 8 Dorsal (figure 27), lateral and ventral (figure 2h)
E g g § EZE scales of E. c. cenchria have a similar microstructure,
~_§ g 2 = ; 2.8 with a pattern of large, almost embedded denticulations
g £ _? E ‘go _2* i without elevations and cells with elongated longitudinal
. _‘qi & 58 &8 5 g grooves and round regular pits from the caudal to cen-
7 % 2y %é =8 gﬁ S tral scale part. In the cranial scale region, the
<) 223 S g7 ~§ 2287 microstructure changes to small, regular denticulations
8l o25S885R8388 with round regular pits.
§ s é F% *E =) g8 *g é g 2 Morelia viridis is an arboreal snake with a slim and lat-
R FER L EEE: erally flattened body. The lateral and ventral (figure 2k)
—§ § § ‘ ‘ scale microstructures are almost the same. The caudal
to central scale region exhibits regular, finger-like denticu-
PR lations with a few round, irregular pits in-between.
, g < Regular, dense, round pits are seen from the centre to cra-
§ ég% nial scale part. The dorsal scales (figure 21) exhibit
f g 2= ’Z densely packed, large round pits. The denticulations of
C-I- ‘% N the dorsal scales are more slender and short, in contrast
= 2 2 E é g to the ventral and lateral scales.
%;2 s 3 =R The ISS of both G. colubrinus and L. g. californiae
g ol = g8 = ~ exhibits denticulations pointing towards the caudal
= —g § T L4 % g direction, presumably interacting with the OSS denti-
LIEE & g g Z ?% culations that also point to the caudal direction.
Sl g § £ é S 3 ISR ”2 Similar structures were found, not only on the ventral,
B8 j:% & § ’3 g3 ‘i X E - lateral and dorsal scales, but also on the ventro-lateral
§ 3% S %3 § 2%3 §_g § and dorso-lateral scales, which create the transition
=223 gog g P2 B 3 between body regions. The ISS of both E. c. cenchria
= oS 3 .ol .
£ ° § a % T = and M. viridis reveal the same structures as the cranial
- O © | to centre part of the OSS.
% g ,\g 3.2. Morphological examination of the
£ == cross sections
S < g 2 ‘E % Cross sections (table 1 and figures 3—6b) of exuvia were
TE = = x B examined using SEM. The general composition of layers
§D B é 2 %0 8 of the snake epidermis is well known, but layers vary in
%‘ io < _ag g & - thickness in different species, presumably depending on
N g-‘é’ %rg E ‘é’% ¥ environmental demands. Although the exact identifi-
2 e § :h = = Ej’% cation of specific layers is difficult in exuvia, the SEM
= . . . :
<) =l a § g §D§ -‘{*E examinations revealed that the layer thickness and
~| & 2 = %ﬁ 5 é E x "'é pag architecture are different in the four species studied.
S| §|SEsEEcEEEE The following description will start from the OSL.
S| 2| % EE §0§ S Ba 2R The OSL of the G. colubrinus (figure 3) exuvium
§ g SEEETS RS (ca 20 pm thick), in general, bears layers that are
| & S g | | clearly cut and densely packed. The first 3 wm of the
- Oberhdutchen and B-layer are extremely dense and
= have granular inclusions embedded, which are not
= found in the layers underneath (figure 3). The rest of
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Figure 2. Overview of the four model snake species studied. (a,d,g,7): animals. (b,c,e,f;h,i,k,[): SEM images illustrating the
microstructure of the Oberhdutchen on the caudal outer scale surface of the ventral (b,e,h,k) and dorsal (c,f4,0) scales.
(a—c) G. colubrinus; (d—f) L. g. californiae; (g—i) E. c. cenchria; ( j—1) M. viridis. (Online version in colour.)

the B-layer exhibits relatively flat, densely packed cells.
These two layer types seem to be joined loosely by
fibre-like structures. The mesos-layer consists of approxi-
mately four of the typical single cell layers. The layer
following the mesos-layer also consists of dense cells,
although not as dense as the B-layer. The cells are small
and flat. Differences between the a-layer and the lacunar
tissue are difficult to make out. The clear-layer is clearly
visible and differentiated as a one-cell layer.

The exuvium of L. getula californiae (figure 4)
is about 9 pm thick. The exuvium exhibits fibres
(diameter: 400—600 nm) embedded in the outer
2—3 pm of the very thick (5 pm) B-layer. The fibres
are oriented at an angle of 15° to the scale surface in
caudal direction. Such fibres were not observed in the
other three species studied. The cells of the B-layer
are very homogeneous. This layer is followed by flatte-
ned cells and joined loosely to a very thin inner layer
part. Differences between the a-layer and the lacunar
tissue are difficult to make out and the clear layer is
not identifiable.

The cell layers of E. c. cenchria (figure 5; ca 40 pm
thick) tend to wear quite intensely, especially the
Oberhdutchen and B-layer. The first layer that can be
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distinguished when looking at the OSS is a single, shri-
velled cell layer that is tightly connected to the next,
thicker layer. This single-cell layer may still be the dif-
ferentiated Oberhdutchen. The cells of the following
layers are densely packed and resemble a fibre compo-
site material. The B-layer is very thick, making up
almost two-thirds of the entire exuvium. Almost, all
the four single-cell layers of the mesos-layer can be dis-
tinguished. Differences between the a-layer, lacunar
tissue and clear-layer are difficult to make out.

Morelia viridis (figure 6) has an exuvium (ca 12 pm
thick) in which the cell types superficially merge into
one mass. It is possible to distinguish at least two
cell layers within the B-layer. The first one-third of
the B-layer is densely packed. The cells of the second
one-third look like flattened, spongy cells, which are
followed by even flatter cells. The mesos-layer cannot
clearly be distinguished because of the flatness of
previous cells. The layer following both the B-layer
and mesos-layer also consists of densely packed cells,
and single cells can be distinguished in some areas.
Differences between the a-layer and the lacunar tissue
are difficult to make out, and the clear layer is
not identifiable.
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Figure 3. Gongylophis colubrinus. Results of nanoindentation
measurements for both the OSL and ISL in relation with the
cross-section architecture. (a) EEM versus displacement,
(b) cross-section and (¢) HD versus displacement. The error
bars denote standard deviations. OSL, outer scale layers;
ISL, inner scale layers; i, inclusions. The arrows indicate the
indentation depth of 2 pm. O, Oberhdutchen; B, B-layer; m,
mesos-layer; «, a-layer; 1, lacunar tissue; c, clear-layer.

3.3. Nanoindentation measurements

Different penetration depths were used for different
species in the nanoindentation tests owing to different
thickness of their exuvia. Indentation data from the
first 7—10% of the total sample thickness can only be
used for analysis, in order to avoid the influence of
the material properties of the sample holder. Therefore,
data were used for penetration depths of 300—1800 nm
for G. colubrinus, 300-1200 nm for L. g. californiae,
300—minimum of 1700nm for FE. ¢. cenchria
and 300—1500 nm for M. wviridis. The results (table 2)
show that the OSL is significantly harder and has a
higher elasticity modulus, when compared with the ISL
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Figure 4. Lampropeltis getula californiae. Results of nanoinden-
tation measurements for both the OSL and ISL in relation with
the cross-section architecture. (a) EEM versus displacement,
(b) cross-section and (¢) HD versus displacement. The error
bars denote s.d. OSL, outer scale layers; ISL, inner scale
layers. The arrows indicate the indentation depth of 2 pm. O,
Oberhdutchen; B, B-layer; m, mesos-layer; «, a-layer; 1, lacunar
tissue; c, clear-layer.

(p < 0.001, Mann—Whitney rank sum test; #-test) in all
four species studied.

In order to compare material properties of the inner and
outer layers between species, data were selected from the
same indentation depths (300—700 nm). Table 3 shows
the results of this analysis. The values are all significantly
different (p < 0.001, Bonferroni ttest; ttest) between
species, except for both the HD and modulus values of
the ISL of L. g. californiae and M. viridis and the HD
of the OSL of L. g. californiae and FE. c. cenchria. When
comparing the values of the selected indentation depths,
as listed earlier, the results between species are also signifi-
cantly different ( p < 0.001, Bonferroni #test), with a few
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Figure 5. Epicrates cenchria cenchria. Results of nanoinden-
tation measurements for both the OSL and ISL in relation
with the cross-section architecture. (a) EEM versus displace-
ment, (b) cross-section and (¢) HD versus displacement. The
error bars denote standard deviations. OSL, outer scale
layers; ISL, inner scale layers. The arrows indicate the
indentation depth of 2 pm. O, Oberhdutchen; B, B-layer; m,
mesos-layer; a, a-layer; 1, lacunar tissue; c, clear-layer.

exceptions. As mentioned already, the modulus values of
the ISL of L. g. californiae and M. viridis, and the HD
of the OSL of L. g. californiae and E. c. cenchria are not
different. Additionally, the HD values of the ISL of
L. g. californiae and G. colubrinus, as well as the modulus
values of the OSL of E. c. cenchria and G. colubrinus
are not different. Even though there is almost always a
significant difference between species, the relative values
are similar (figure 7).

Tables 4-7 present the comparison in material pro-
perties measured at various indentation depths. Three
depth intervals were selected. The intervals were not
the same for different species, but rather dependant on
the exuvium thickness of each species: G. colubrinus—
400-500, 1200-1300 and 1900-2000 nm (table 4);
L. g. californiae—300—400, 700—-800 and 1100—1200 nm
(table 5); E. c¢. cenchria—400—-500, 1300-1400; and
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Figure 6. Morelia viridis. Results of nanoindentation measure-
ments for both the OSL and ISL in relation with the
cross-section architecture. (@) EEM versus displacement,
(b) cross-section and (¢) HD versus displacement. The error
bars denote s.d. OSL, outer scale layers; ISL, inner scale layers.
The arrows indicate the indentation depth of 2 pm. O, Ober-
hdutchen; B, P-layer; m, mesos-layer; «, o-layer; 1, lacunar
tissue; c, clear-layer.

1800 to maximum nanometre (table 6), M. viridis—
300—-400, 1000—1100 and 1500—1600 nm (table 7). This
comparison revealed a clear trend from soft and flexible
inner layers to stiffer and less elastic outer layers for all
four species.

In G. colubrinus (table 4), there was no significant
difference for the HD and modulus values between
the three intervals for indentation from the inside
of the scale. This would suggest a smooth transition
between layers. However, for OSLs, different depth
intervals show significant differences in elasticity
modulus, and between-depth intervals of 400—500 and
1900—2000 nm in HD.

The modulus and HD values for the ISLs for
L. g. californiae (table 5) were not significantly
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Table 2. Mean and s.d. values of HD and EEM obtained on the inner scale layers (ISL) and outer scale layers (OSL) of the
ventral scales of G. colubrinus (G. c.), L. g. californiae (L. g. c.), E. c. cenchria (E. c. c¢.) and M. viridis (M. v.) exuvia.
Statistical comparison was carried out using one-way RM ANOVA (RM).

ISL OSL
species measurement mean (GPa) s.d. (GPa)  measurement mean (GPa) s.d. (GPa)  test
EEM
G.c pooled (n=125)  3.67 0.99 pooled (n="79) 5.85 0.65 RM, p <0.01
L.g.c. pooled (n=140) 3.32 0.51 pooled (n = 96) 5.20 0.73 RM, p < 0.01
E.c.c. pooled (n=128) 4.31 0.76 pooled (n=120) 5.98 0.58 RM, p < 0.01
M. v pooled (n=148) 3.24 0.72 pooled (n=137) 4.61 0.71 RM, p < 0.01
HD
G.c. pooled (n=125) 0.16 0.07 pooled (n=79) 0.41 0.07 RM, p <0.01
L.g.c. pooled (n=140) 0.13 0.03 pooled (n=96)  0.35 0.09 RM, p < 0.01
E.c.c. pooled (n=128) 0.19 0.05 pooled (n=120) 0.33 0.06 RM, p <0.01
M. . pooled (n=148)  0.13 0.03 pooled (n=137) 0.19 0.05 RM, p <0.01

Table 3. Comparison of the mean and s.d. values of HD and EEM at the penetration depth of 300-700 nm between
G. colubrinus (G. ¢.), L. g. californiae (L. g. ¢.), E. c. cenchria (E. c. ¢.) and M. viridis (M. v.) for the outer (OSL) and inner
scale layers (ISL), respectively. Statistical comparisons were carried out using a Bonferroni #test (T), Mann—Whitney rank

sum test (M—W) or test; n.s.: non-significant difference.

ISL OSL
mean  s.d. mean  s.d. mean  s.d. mean  s.d.
species (GPa) (GPa) (GPa) (GPa) test (GPa) (GPa) (GPa) (GPa) test
EEM
G. c. L.g.c 37 1.1 3.2 0.6 M-W,p<0.001 6.4 0.8 5.3 0.8 T, p <0.001
E cc 37 1.1 44 1.2 M-W, p<0.001 6.4 0.8 6.1 1.0 T, p <0.001
M. v. 3.7 1.1 3.2 0.7 M-W, n.s. 6.4 0.8 4.7 0.7 T, p <0.001
L.g.c. E.ce 32 0.6 44 1.2 M-W, p<0.001 5.3 0.8 6.1 1.0 T, p=0.009
M. v. 3.2 0.6 3.2 0.7 M-W, p<0.001 5.3 0.8 4.7 0.7 T, n.s.
E cc Mo 44 1.2 3.2 0.7 M-W, p<0.001 6.1 1.0 4.7 0.7 T, p=10.024
HD
G. c. L.g.c. 017 0.08 0.12 0.03 M-W, p<0.001 0.44 0.12 0.36 0.11 T, p <0.001
E . cc 017 0.08 0.20 0.08 M-W, p=0.001 0.44 0.12 0.34 0.09 T, p <0.001
M. v. 0.17 0.08 0.13 0.04 M-W, n.s. 0.44 0.12 0.20 0.09 T, p <0.001
L.g.c. E.coe 012 0.03 0.20 0.08 M-W, p<0,.001 0.36 0.11 0.34 0.09 T, p=0.015
M. v. 0.12 0.03 0.13 0.04 M-W, p<0.001 0.36 0.11 0.20 0.09 T, p <0.047
E cec Mo 0.20 0.08 0.13 0.04 M-W, p=0.006 0.34 0.09 0.20 0.09 T, n.s.

different, except for the HD values between intervals
300-400 and 1100—-1200 nm. The HD values for the
OSLs were not significantly different between all three
depth intervals, whereas the modulus values are signifi-
cantly different, except for the interval between 300—
400 and 1100—1200 nm. The OSLs were inflexible out-
side becoming more flexible at the indentation depth
interval of 700—800 nm, and then become inflexible in
the deeper layers of the exuvium. A fine transition of
the HD values was observed from the outside to the
inside of the exuvium.

The modulus and HD values between the inner and
OSLs for E. c. cenchria (table 6) were not significantly
different, except for the HD values for the OSLs between
depth intervals of 400—500 and 1300—1400 nm. It is poss-
ible that the indentation depth, selected for this species,
was not sufficient to reveal differences between different
layers of the exuvium.

The modulus and HD wvalues for the OSLs in
M. viridis (table 7) were significantly different, except
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for the HD results between the intervals 1000-1100
and 1500-1600 nm. There was a clear trend from soft
and flexible inside layers to hard and inflexible outside
ones. The modulus values for the ISLs exhibit a signi-
ficant difference between the outer and inner most
intervals (300-400 and 1500-1600 nm) and not
between the others. This implies a smooth transition
from the soft to the harder regions. The HD values,
on the other hand, for the inner scale values are signifi-
cantly different, except for the intervals 1000—1100
and 1500-1600 nm, which implies that the interval
300-400 nm is very soft in comparison with the
others and that the transition is not very smooth.

4. DISCUSSION

Our morphological results and nanoindenation data
obtained on the ventral scales provide strong evidence
for the existence of a gradient in material properties
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Figure 7. Summary of the (¢) HD and (b) EEM results for penetration depths of 300—1800 nm for G. colubrinus (G. c.), 300—
1200 nm for L. g. californiae (L. g. ¢.), 300 nm- minimum of 1700 nm for E. c. cenchria (E. c. ¢.) and 300—1500 nm for M. viridis
(M. v.) of the nanoindentation measurements of all four snake species. Statistics: Bonferroni #test.

Table 4. Comparison of the mean and s.d. values measured at three different depth intervals (400500, 1200-1300 and 1900
2000 nm) of HD and EEM on the outer (OSL) and inner scale layers (ISL) of three G. colubrinus scales tested. Statistical
comparisons were carried out using Bonferroni #test (T) or one-way RM ANOVA (RM); n.s.: non-significant difference.

depth range (nm) mean (GPa) s.d. (GPa) depth range (nm) mean (GPa) s.d. (GPa) test
EEM
ISL
400-500 4.1 0.7 1200-1300 4.0 0.5 RM, n.s.
1200-1300 4.0 0.5 1900-2000 44 0.8 RM, n.s.
1900-2000 4.4 0.8 400-500 4.1 0.7 RM, n.s.
OSL
400-500 6.0 0.9 1200-1300 5.0 0.4 T, p <0.001
1200-1300 5.0 0.4 19002000 4.5 0.3 T, p=10.024
19002000 4.5 0.3 400-500 6.0 0.9 T, p <0.001
HD
ISL
400-500 0.21 0.05 1200-1300 0.18 0.03 RM, n.s.
1200-1300 0.18 0.03 1900-2000 0.19 0.04 RM, n.s.
1900-2000 0.19 0.04 400-500 0.21 0.05 RM, n.s.
OSL
400-500 0.39 0.12 1200-1300 0.36 0.05 T, n.s.
1200-1300 0.36 0.05 19002000 0.30 0.03 T, n.s.
1900-2000 0.30 0.03 400-500 0.39 0.12 T, p=10.003

in the four snake species studied. The OSLs are harder
and exhibit a higher EEM than the inner ones. The
results of this study give good support to our previous
data on G. colubrinus [1]. Interestingly the general
trend of the material properties and behaviour of the
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epidermis for all species studied is achieved differently
by using epidermis architecture as a control variable.
Because the snake epidermis consists of dead cells or cel-
lular derivatives [51], we can assume no discrepancy in
material properties between epidermis of the living
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Table 5. Comparison of the mean and s.d. values measured at three different depth intervals (300-400, 700—-800 and
1100-1200 nm) of HD and EEM on the outer (OSL) and inner scale layers (ISL) of three L. g. californiae scales tested.
Statistical comparisons were carried out using a Bonferroni #test (T), Mann—Whitney rank sum test (M—W) or ttest; n.s.:

non-significant difference.

depth range (nm) mean (GPa) s.d. (GPa) depth range (nm) mean (GPa) s.d. (GPa) test
EEM
ISL
300—-400 3.3 0.6 700—-800 3.8 0.5 T, p <0.001
700-800 3.8 0.5 11001200 4.2 0.5 T, p <0.001
11001200 4.2 0.5 300-400 3.3 0.6 T, p <£0.001
OSL
300—-400 4.5 0.5 700-800 3.8 0.5 t-test, p < 0.001
700-800 3.8 0.5 1100-1200 4.2 0.5 t-test, p=0.01
1100-1200 4.2 0.5 300-400 4.5 0.5 t-test, n.s.
HD
ISL
300-400 0.13 0.04 700-800 0.15 0.03 t-test, n.s.
700800 0.15 0.03 1100-1200 0.16 0.02 t-test, n.s.
1100-1200 0.16 0.02 300—-400 0.13 0.04 t-test, p=0.005
OSL
300-400 0.27 0.07 700-800 0.25 0.04 t-test, n.s.
700-800 0.25 0.04 1100-1200 0.25 0.04 t-test, n.s.
1100-1200 0.25 0.04 300—-400 0.27 0.07 M-W, ns.

Table 6. Comparison of the mean and s.d. values measured at three different depth intervals (400—500, 1300—1400 and 1800
max. mm) of HD and EEM on the outer (OSL) and inner scale layers (ISL) of three E. c. cenchria scales tested. Statistical
comparisons were carried out using a ttest, Mann—Whitney rank sum test (M—W) or one-way RM ANOVA (RM); n.s.: non-

significant difference.

depth range (nm) mean (GPa) s.d. (GPa) depth range (nm) mean (GPa) s.d. (GPa) test
EEM
ISL
400-500 4.2 14 13001400 4.0 0.8 RM, n.s.
1300—-1400 4.0 0.8 1800 to max 4.5 0.7 RM, n.s.
2200 to max. 4.5 0.7 400-500 4.2 14 RM, ns.
OSL
400-500 6.0 1.0 1300-1400 6.0 0.4 RM, n.s.
1300-1400 6.0 0.4 1800 to max 5.9 0.4 RM, ns.
1800 to max. 5.9 0.4 400-500 6.0 1.0 RM, ns.
HD
ISL
400-500 0.21 0.11 13001400 0.17 0.05 RM, n.s.
1300-1400 0.17 0.05 1800 to max 0.19 0.04 RM, n.s.
2200 to max. 0.19 0.04 400-500 0.21 0.11 RM, n.s.
OSL
400-500 0.31 0.09 1300—-1400 0.35 0.03 t-test, n.s.
1300-1400 0.35 0.03 1800 to max 0.35 0.03 t-test, n.s.
1800 to max. 0.35 0.03 400-500 0.31 0.09 M-W, ns.

snake and shed epidermis. Variations in the material
properties at different depths may be explained, for
instance, by the results of recent ultrastructural studies,
showing the existence of three different types of B-kera-
tin and other proteins. These have a temporarily high
synthesis rate within the Oberhdutchen and B-layer,
which decreases in the underlying layers [8,17—19,52].
The HD and modulus values were relatively high close
to the surface. Because the tip oscillation (independent of
the amplitude) affects the contact formation as well as
the contact stabilization for displacements between 0

J. R. Soc. Interface (2012)

and approximately 300 nm indentation depth, the results
obtained at these shallow depths were not reliable to
make any conclusion [1,53].

Previous authors assumed that material properties are
important for abrasion resistance [1,4,8,12,40,42,54—57].
It was previously shown that o- and B-keratin differ not
only in their distribution within the snake epidermis,
but also in their chemical structure [8] and therefore pre-
sumably also in material properties [12]. Differences in
the chemical structure indicate that the B-keratin mol-
ecule may be more stiff and inelastic, when compared
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Table 7. Comparison of the mean and s.d. values measured at three different depth intervals (300-400, 1000—-1100 and
1500-1600 nm) of HD and EEM on the outer (OSL) and inner scale layers (ISL) of three M. viridis scales tested. Statistical
comparisons were carried out using a ttest or Mann—Whitney rank sum test (M—W); n.s.: non-significant difference.

depth range (nm) mean (GPa) s.d. (GPa) depth range (nm) mean (GPa) s.d. (GPa) test
EEM
ISL
300-400 3.3 0.6 1000-1100 3.6 0.4 t-test, n.s.
1000-1100 3.6 0.4 1500-1600 3.9 0.4 t-test, n.s.
1500-1600 3.9 0.4 300-400 3.3 0.6 t-test, p=0.003
OSL
300-400 5.1 0.2 1000-1100 4.8 0.1 M-W, p=0.002
1000-1100 4.8 0.1 1500-1600 4.6 0.1 t-test, p < 0.001
1500-1600 4.6 0.1 300-400 5.1 0.2 M-W, p <0.001
HD
ISL
300-400 0.13 0.03 10001100 0.15 0.02 t-test, n.s.
1000-1100 0.15 0.02 1500-1600 0.16 0.02 t-test, p = 0.006
1500-1600 0.16 0.02 300-400 0.13 0.03 t-test, n.s.
OSL
300-400 0.24 0.02 1000-1100 0.26 0.01 M-W, p <0.001
1000-1100 0.26 0.01 1500-1600 0.27 0.01 M-W, n.s.
1500-1600 0.27 0.01 300-400 0.24 0.02 M-W, p <0.001

with a-keratin. That is why it is plausible to assume that
materials containing a higher proportion of B-keratin are
more robust and therefore posses a stronger resistance
against damage. The a-keratin is presumed to provide
flexibility to the material of the skin [4,12]. On the
basis of the results of Licht & Bennett [55] who studied
scaleless snakes, and his own ones, Landmann [4]
suggested that the B-layers’ main function is to protect
the epidermis against abrasion. Later, using nanoinden-
tation, we showed that both the EEM and HD of the
OSLs (which are made of B-keratin) is higher compared
with the ISLs (which have a-keratin integrated). It was
not only experimentally demonstrated that materials
containing B-keratin is indeed harder and less stiff than
materials containing a-keratin, but that there is a gradi-
ent in material properties of the integument from a hard
and inflexible outside to a soft and elastic inside [1].

4.1. Material property gradients in other
biological tissues

Wang & Weiner [40] as well as Fong et al. [56] showed
that in the mineralized tissue of the mammalian tooth,
layered organization with the gradient of material prop-
erties is a key mechanism of the wear resistance. The
visible part of the tooth, above the gum, is enveloped
by the enamel, which is hard [57] and highly resistant
to wear [56]. Its primary function is to protect the under-
lying dentin (the tooth’s major component) and the more
flexible, soft pulp [57]. Using indentation tests on pulp
and pulpless dog teeth with the Knoop indentor,
Fusayama & Maeda [54] showed that the dentin HD in
pulpless teeth is lower than that of vital teeth. The
authors assume this to be due to the absence of the
pulp functioning as a damping layer for the stiffer
dentin [54]. Bruet et al. [42] used instrumented nanoinde-
nation to measure the multilayered structure of four
different organic—inorganic nanocomposite material
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layers of the scales of the fish Senegal bichir, Polypterus
senegalus. They could show that the mechanistic origin
of penetration resistance include a juxtaposition of mul-
tiple distinct reinforcing composite layers. These layers
each undergo their own unique deformation mechanisms
and regions of differing levels of gradation within and
between material layers.

A system that has to endure high amounts of stress
under pressure is more effective against abrasion wear,
if it has a gradient in structure and properties, because
such a design leads to more uniform stress distribution
and thus to the minimization of probability of local
stress concentration [39,40], which lead to the materials
fatigue and failure. Because a hard, inflexible system
will break easily under pressure and a flexible system
will be easily worn off, the gradient material will
improve wear resistance by combining advantages of
both stiffness (outside) and flexibility (inside) [1].

4.2. Comparison to other keratinous tissues

The range of mean values of the modulus and HD
obtained for the outer (4.6—6.0 GPa, 0.19-0.41 GPa)
and ISLs (3.2-4.3 GPa, 0.13-0.19 GPa) are compar-
able with results, obtained in other studies on the
mechanical properties of keratinous materials. The
material properties of biological materials, preferably
containing either B-keratin ((modulus 1.0-8.0 GPa)
[68—61])) or a-keratin ((modulus 3.0-7.5 GPa; HD
0.1-0.4 GPa) [60,62,63]) vary more than would be
expected not only because of the testing method
used (tensile, bending or nanoindentation tests), but
also as a result of different fibre-to-matrix ratios and
arrangements of fibres within the matrix. The variabil-
ity in thickness of the B- and a-keratin layers, as well as
the tightness of their packaging is another factor, which
may influence the measured modulus. The arrangement
and architecture of material, such as that of the snake’s



3152  Material properties of snake skin

M.-C. G. Klein and S. N. Gorb

Table 8. Surface, structure and the corresponding environment of the epidermis of G. colubrinus (G. ¢.), L. g. californiae
(L. g. c.), E. c. cenchria (E. c. c.) and M. viridis (M. v.).

skin surface

material structure

environment [2,43—45]

G. c. — little to no microstructure

— sharp, relatively long and
regular, densely packed
denticulations

— longitudinal pits

L.g c

E. c. c. — denticulation pattern, without
elevations

— long longitudinal grooves and
round regular pits

M. v. — regular, finger-like
denticulations

— few round, irregular pits

— layers are dense and
differentiated and B-layer with
inclusions (20 pm width)

— OSL-ISL: 5.9-3.7 GPa
e-modulus; 0.4-0.2 GPa hardness

— loosely packed cells with fibres in
the B-layer (9 pm)

— OSL-ISL: 5.2-3.3 GPa
e-modulus; 0.4-0.1 GPa hardness

— spongy, fraying, dense cells
(40 pm)

— OSL-ISL: 6.0-4.3 GPa
e-modulus; 0.3-0.2 GPA hardness

— cell types specifically merge to
one mass (12 wm)

— OSL-ISL: 4.6-3.2 GPa
e-modulus; 0.2-0.1 GPa hardness

— habitat: burrowing; desert

— substrate: sand

— locomotion: lateral undulation on
sand; in sand unknown

— habitat: terrestrial; woods, scrubs
and cultivated land in the southern
USA

— substrate: sand, rocks, branches,
leaves, etc.

— locomotion: lateral undulation

— habitat: generalist; tropical
rainforest

— substrate: tress, rocks, water, etc.

— locomotion: rectilinear, lateral
undulation

— habitat: trees; tropical rainforest

— substrate: trees

— locomotion: lateral undulation

integument (relatively tight packaging of layers) or the
bird feather (hollow feather shaft), influences material
properties and is related to the specific function of the
material. For example, Bonser [59] found that the
rachis of two different feather types (modulus: wing
feather, 1.7 GPa and body contour feather, 2.4 GPa)
of the ostrich revealed two significantly different
moduli, depending on the mechanical loads to which
the feathers are subjected. Astbury & Bell [64] state
that the feather geometry and the material ultrastruc-
ture are important features in determining the
mechanical behaviour of a whole feather. In the present
study, it is shown that despite a variation in layer thick-
ness and overall epidermis thickness, HD and stiffness
measurements for all four species tested lead to similar
results for the HD and modulus values for the ISL and
OSL (penetration depths of 300—700 nm). Perhaps this
is an optimal range of values, which might reflect an
adaptation for sliding locomotion.

4.3. Mechanical behaviour

Even though the properties of the epidermis material
are similar, differences in epidermis thickness, scale
size and shape of the microstructure may lead to a
very different friction and wear behaviour. This in
turn may lead to an adaptation to specific habitat
and to the locomotion on specific substrates. In general,
two samples of the same material with different thick-
nesses will show different mechanical behaviour on
the same substrate. The thicker sample will show less
abrasive wear than the thinner sample, because the
energy introduced into the system during shear is dissi-
pated in deformations of the bulk supporting layer.
In the thinner sample, shear stress will be less dissipa-
ted because of lacking supportive layers and therefore
a larger proportion of shear stress will cause abrasion.
The thickness of the epidermis with its specific
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mechanical material properties may represent a variable
for optimization for abrasion resistance on a preferable
substrate in different snake species. The epidermis
of the four snake species tested exhibits similar material
properties even though epidermis layering is different.
In artificially produced materials, various material
properties may be created by the reinforcement with
stiffer fibres or by developing a higher number
of layers with different composition or properties
[65—68]. The epidermis layers consist of varying cell
types, depending on the species. For instance, when
comparing the Oberhdutchen and B-layer, G. colubrinus
has a relatively thin OSL in relation to the entire epider-
mis, which is densely packed and has inclusions of
granular/vesicular nature (figure 3b); L. g. californiae
has a relatively thick OSL with fibre filaments arranged
into the longitudinal direction of the body axis; OSL in
E. c. cenchria is relatively homogeneous and thick
consisting of frayed and brittle cells, in which only the
Oberhdutchen can be differentiated; and the OSL of
M. wviridis consists of a homogeneous, spongy cell clus-
ter. A variation in epidermis layering and surface
microstructure may lead to a variation in the canaliza-
tion of shear forces and, therefore, in different wear
behaviour [66,69].

Specific epidermis architecture may cause force
redistribution and canalization. For instance, fractures
caused by forces exerted on a composite material will
most probably be channelled and ultimately stopped
at interfaces, in contrast to bulk materials [70]. The
crack propagation is also dependent on the stiffness of
the material: the stiffer the material, the larger the
fracture velocity, because exerted energy cannot be
dissipated into deformations.

The differing architecture of the epidermis of
the four species studied may correlate with a specific
adaptation to factors such as habitat, substrate and
locomotion. Locomotion type and velocity in snakes is
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probably dependent not only on species or body mass,
but also on substrate conditions, which in turn is
likely to be influenced through the habitat. A tree-
climbing snake in a tropical habitat (high humidity
and temperature), such as M. wviridis, will probably
have different mechanical forces acting upon the skin,
compared with a sand-swimming, desert snake, such
as G. colubrinus (table 8).

4.4. Role of fillers/inclusions

The reinforcement of polytetrafluoroethylene (PTFE) by
carbon fibres with an elastic modulus of 370 GPa
increases the elastic modulus of PTFE from 3.2 to
45 GPa [65]. The fibre reinforcement and the grain
inclusion in the OSL of L. g. californiae and G. colubrinus,
respectively, may also provide the material adaptation
leading to a lower degree of abrasion. Material properties
of the skin of the snakes studied (OSL-ISL: 4.6—6.0—
3.2-4.3 GPa effective e-modulus) are in the range of
that of some polymers (e-modulus: nylon 2.5 GPa,
PTFE 3.2 GPa, polystyrene 3—3.5 GPa, polypropylene
1.5-2 GPa, polyethylene terephthalate 2-2.7 GPa
[65,71,72]. These polymers usually exhibit low friction,
compared with metals, but moderate wear, which is
why polymers are often impregnated with fibres, such as
carbon graphite or glass and powders (graphite, MoSs,
bronze and PTFE) [73]. Lancaster [65] showed that not
only friction is reduced by adding carbon fibres to poly-
mers, but that also the rate of wear is reduced. The
author proposes that these phenomena occur indepen-
dently of the matrix material. Polymer fillers that are
stiffer than the polymer itself will probably lead to specific
canalization of wear, because the surface mainly deforms
between the fibre fillers.

4.5. Surface anisotropy

Surface anisotropy may additionally influence re-
distribution and canalization of contact forces during
sliding on the substrate. Specific surface microstructure
may lead to different abrasion quality and canalization
of scratches in one particular direction. In this case, gen-
eration of new scratches might even be responsible for
sustaining the anisotropic microstructure for some
period of time. Because scales of different snakes exhibit
different surface microstructures, both the abrasion qual-
ity and its magnitude may also be dependent on the
specific geometry of the microstructure. Distinct denticu-
lations found on the ventral scales of L. g. californiae
presumably lead to canalization of forces, resulting in
scratches in longitudinal direction. Such longitudinal
grooves generally lead to a lower initial and steady-
state wear, if compared with transverse grooves [73].
Canalization will probably not be exhibited on scales
with little to no surface structure, such as the ventral
scales of G. colubrinus. Here, shallow but numerous
scratches without a specific orientation are observed.

5. CONCLUSION AND OUTLOOK

Data of our study show, for the first time, the HD and
EEM values at different depths of the ventral skin of
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four snake species. The comparison of the surface micro-
structure and material architecture demonstrated a
gradient in material properties of the integument from
a hard and inflexible outside to a soft and elastic
inside. This feature is assumed to be a functional mech-
anism explaining abrasion resistance of the skin
material. An additional mechanism might be the pres-
ence of surface microstructure, canalizing wear in the
longitudinal direction. The variety in skin architecture
found for the four snake species studied may represent
an adaptation to a specific habitat.

Comparative studies of the epidermis ultrastructure
by using transmission electron microscopy (TEM), as
well as the local experimental testing of the skin wear,
might aid in the understanding of the role of structural
features in abrasion reduction of the snake epidermis.

The experiments comply with the ‘Principles of animal care’
(publication mno. 86-23, revised 1985) of the National
Institute of Health, and also with the current laws of Germany.

This study was supported by the Federal Ministry of
Education, Science and Technology, Germany (BMBF
project Biona 01RBO0812A) and by the German National
Merit Foundation. Animal care at the University of Kiel was
provided by S. Bootsmann, S. Holz, T. Arp and M. Eschke.
Figure 1a was reproduced/adapted with permission from the
Journal of Experimental Biology, Barbakadze, N., Enders, S.,
Gorb, S. & Arzt, E. 2006 Local mechanical properties of the
head articulation cuticle in the beetle Pachnoda marginata
(Coleoptera: Scarabaeidae). J. Exp. Biol. 209, 722—-730.
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