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The mechanical characterization
of the legs, fangs, and prosoma
in the spider Harpactira curvipes
(Pocock 1897)

Sara Residori®3, Gabriele Greco®3 & Nicola M. Pugno®%2*

The exoskeleton of spiders is the primary structure that interacts with the external mechanical
stimuli, thus playing a crucial role in spider life. In particular, fangs, legs, and prosoma are the main
rigid structures of the exoskeleton and their properties must be measured to better understand their
mechanical behaviours. Here we investigate, by means of nanoindentation, the mechanical properties
of the external sclerotized cuticles of such parts in the spider Harpactira curvipes. Interestingly, the
results show that the leg’s cuticle is stiffer than the prosoma and has a stiffness similar to the one

of the tip fangs. This could be explained by the legs’ function in perceiving vibrations that could

be facilitated by higher stiffness. From a broader perspective, this characterization could help to
understand how the same basic material (the cuticle, i.e. mainly composed of chitin) can be tuned to
achieve different mechanical functions, which improves the animal’s adaptation to specific evolutive
requirements. We, thus, hope that this work stimulates further comparative analysis. Moreover,

these results may also be potentially important to inspire the design of graded materials with superior
mechanical properties.

The interaction among animals and their habitats is important for all living organisms, spiders included. In this
sense, the arthropods’ cuticle not only provides protection, attachment sites for muscles, joints, and a transmitter
of muscles forces onto the substrates the animals move on, but it also provides a platform for the sensors that
perceive the surrounding?. These mainly work with chemical and mechanical stimuli® that can be detected by
specific structures, such as lyriform organs* or seate’, found on the surface of the exoskeleton®.

The exoskeleton is a composite made of rigid chitin nanofibrils embedded in a protein matrix’. In nature,
a single composite material could have different mechanical properties and functions that may depend on its
eventual hierarchical structure®. Moreover, studying the mechanical properties of functional anatomical parts is
important for ecology, which benefits from the intersection with biomechanics that provides insights to improve
the knowledge on behavioural ecology’.

As an example, spider fangs have recently been a research object for their crucial functions in spider life'°.
The fangs present a well-defined architecture composed of a structural/material gradient that is adapted to allow
the spider to feed, defend itself and dig, all of which require resistance to wear!!. Interestingly, the optimization
of such functions has been recently linked to the metal inclusions in the animals’ cuticles'2.

Politi et al.!® explored the internal lamella of the spider’s fangs (whose layers ranging from 100 pm to 30 nm
in thickness) and their mechanical properties with a Scanning Acoustic Microscope (SAM) and nanoindentation
(the hardness was about 0.6 GPa and Young’s modulus of about 10 GPa). The comparison between measurements
performed on longitudinal and transversal fang cross-sections indicated that fibre orientation contributes in
determining the mechanical properties. The mechanics of spiders’ fangs were also investigated through com-
puted tomography, analytical models, and numerical simulations with finite elements'®. Erko et al.'* analysed the
nano composition of the structural hierarchy and its metal reinforcing elements by comparing the mechanical
properties (nanoindentation) and the structural organization (X-rays) of the cuticle of the wandering spider
Cupiennius salei. The experimental results revealed that the tip of the spider fang, which is used to inject venom
into the prey, is harder and stiffer with respect to the basal.
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Aside from the fangs, there could be other exoskeleton regions of interest, the cuticle being an example of a
reinforced microfibre material'*'*. Furthermore, the carapace and legs are stiff regions that could be as crucial
as fangs in spider’s life, e.g. to detect vibrations or to transmit forces to the ground'®-'8. Until now, mainly the
spider C. salei has been studied. Moreover, the elements of the spider’s body (fangs'’, claws'?, legs'”'®) have been
mechanically analysed individually from different specimens. Thus, no previous study compared the different
mechanical properties of several parts of the exoskeleton tested from the same individual. In this context, a
comparison of the mechanical properties of different body parts may give some insights to better understand
their functions, as it has been suggested for insects®.

Here, we present the comparison of the mechanical properties of different parts for the species Harpactira
curvipes (Pocock 1897%"), which is not closely related to Cupiennius salei. The exoskeleton parts that have been
selected were the ones most exposed to continuous external stimuli: legs, prosoma/carapace, and fangs*. Through
nanoindentation, we provide a map of their mechanical properties, which could be used as insight for a better
understanding of spider biomechanics, e.g. locomotion and sensing®*?*. Finally, this study may contribute to the
design of bio-inspired materials with superior and tuneable mechanical performances®2.

Methods and materials

Spider. The spiders under study were the Theraphosidae Harpactira curvipes (Pocock, 1897%'), which live
mainly in South Africa?!. The animals were two females of about 70 g, raised and born in captivity from a local
breeder, and were kept in the laboratory in terrarium. The environmental conditions were controlled to have
inside the terrarium, 25-27 °C during the day and 22-23 °C during the night. The humidity of 70% was achieved
by watering weekly the spider. They were fed weekly with cockroaches and crickets, raised and bred in the labo-
ratory. The analysed parts of the body were dissected from the dead animal (euthanized in ethanol), preserved
in ethanol (70% w/v), and kept in the refrigerator (4-8 °C). In particular, the selected cuticle’s body parts were:
both fangs (both of them), metatarsus of the I pair of legs, and the spider’s prosoma.

Specimen preparation. The samples’ preparation followed common protocols for the nanoindentation of
biological materials, spiders tissue included'®!>-'42*-33 The dissected parts were positioned in a plexiglass sample
holder and included in an epoxy resin matrix, which was purchased from Hardrock 554° (Remet). The resin was
let solidify at room temperature for about 23 °C for two days. To expose the cross section of the region of inter-
est, the samples were then polished mechanically with the support of a Remet LS2 by following the procedure
described in** (minimum roughness achievable of about 5 nm). The polish procedure ensures the flatness of the
surface, eliminating the roughness that could affect the measurements. For the leg and the prosoma parts, we
indented the external sclerotized layer of the cuticle.

Nanoindentation tests. The samples were then mounted into an iNano°Nanoindenter (Nanomechanics
Inc.) equipped with a Berkovich tip*. The declared sensitivity of the machine is 3 nN for the load and 0.1 nm
for the displacement. The data set was obtained through indentations performed with two methods: single and
mapping test, each for a maximum of 45 mN loads. The used mapping method (Nanoblitz 3d, Nanomechanics
Inc.) involved a 200 um x 200 pum square with 10 x 10 equidistant indentation points inside. On the basal longi-
tudinal section of the fang and on the resin used to prepare the nanoindentation samples, more tests were per-
formed with different spacing (10, 30, 20, and 40 um). This was done to check the effect of the distance between
indentation points on the mechanical properties. The values of the mechanical properties were obtained accord-
ing to the theory of Oliver-Pharr®. In brief, the hardness was evaluated with the formula

p

H==-

A
where P was the maximum load of 45 mN and was the projected contact area (in this case evaluated for a Berko-
vich tip). The modulus was evaluated as:

1dP J7
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where dP/dh was the slope of the unloading section of the elastic—plastic load curve as a function of the indenta-
tion depth. Since Poisson’s coefficient ranges between 0.2 and 0.49 for chitin-based materials®’, we considered
0.33 as a representative value for this hard material as suggested by Fischer-Cripps®*. All the tests were performed
in a room with controlled environmental parameters (19-21 °C, 15-30% RH).

Optical images. The optical images were obtained with an optical microscope (Olympus BX61/62TRF)
Olympus Steam Image Analysis software.

Scanning electron microscopy. To check the validity of the nanoindentations results (i.e. control of the
print), a Scanning Electron Microscope (SEM) investigation was carried out. Samples were observed with a Field
Emission SEM (FE-SEM, Supra 40/40VP, Zeiss, Germany) after coating with Pt/Pd (80:20) in a reduced argon
atmosphere by means of a Quora Q150 machine.

Atomic force microscopy. To check the validity of the nanoindentations results (i.e. control of the print
and roughness), an Atomic Force Microscope (AFM) investigation was carried out. The AFM used to obtain
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the images is a NT-MDT Smena scanner. The environmental conditions at which we operated were controlled
and with a temperature of 24 °C and relative humidity of 71%. To obtain topography we used, in semi-contact
mode, a NT-MDT NSG-11B tip (10 nm nominal tip radius, resonance frequency of 181 kHz, and force constant
between 2.5 and 10 N/m). AFM data were analyzed with the support of Gwyddion and IA_P9 free software’.
The values of the surface’s roughness were computed both for the average (Ra) and mean root square (Rq) value,
following British standard ISO 4287:2000.

Statistical analysis. Results are reported as mean+standard deviation. Collected data were analysed
through the analysis of variance (pairwise comparison of the values of Youngs modulus and hardness). The
statistical test was the one-way ANOVA test and 95% confidence limits were assessed, referring to a two-tailed
Gaussian distribution. These parameters were used to verify the null hypothesis, i.e. all the data set come from
the same distribution and have the same mean value. The sum of residual squares (SS) was evaluated as:

r

$$1=  c(®@— %)’

i=1

$= > (—x)’

i=1 j=1

where 7 is the number of different samples under consideration, c is the number of tests of the same sample, ¥ is
the mean value of all data, X; is the mean value within the group, and x is the single value. The ratio of variances
was calculated as:

F = r—1

This ratio followed a Fisher distribution with a significance level of 5%. If F> F,,, the null hypothesis was
rejected and the difference among the data set was considered significant. The p-value was computed in Excel®,
and the difference was considered significant if it was lower than 0.05.

Effect size. Larger samples are more likely to give statistically significant differences under the ANOVA
test®. In order to estimate a measure of the magnitude of such difference, we calculated the Effect Size (ES). We
based our analysis on the parameters introduced by Cohen*. By assuming that the two compared populations
have the same variance, a pooled standard deviation can be defined as:

= st + (ny — s
N ni+ny —2

where 7, and n, are the dimensions of the two compared groups, and s; and s, are their standard deviations.
Cohen defined the parameter d, as a function of s according to:
m; —m
d. = 1 2
s
where m; and m, are the means of the two groups, respectively. As defined by Cohen and Sawiloski*’, the
parameter d, qualitatively describes the magnitude of the difference of the means as very small (0.01<d, <0.20,
i.e., circa 100% distributions’ overlap), small (0.20 < d,<0.50, i.e., circa 85% distributions’ overlap), medium
(0.50<d,<0.80, i.e., circa 67% distributions overlap), large (0.8 <d.<1.20, i.e., circa 53% distributions overlap),
very large (1.20<d, < 2.00, i.e., circa 40% distributions’ overlap), and huge (d.>2.00, i.e., circa 19% distributions’
overlap).

Results

The spider exoskeleton was analysed in different parts and the mapping of mechanical properties (i.e. Young’s
modulus and hardness) was obtained through single and multipoint nanoindentations (Fig. 1). Although our
nanoindentation setup makes it impossible to test fresh tissue, since it requires their inclusion in resin to mechan-
ically stabilize the sample and a polish procedure to ensure the maximal flatness of the surface, it is similar
to previous reported protocols!®*?%-3_ Since the proximity of two indentations point affects the mechanical
properties®, different spacing have been tested for both the basal longitudinal section of the fang and the resin
used to prepare the samples. The results are depicted in Table S1, where no significant differences occurred
between the values 10, 30, and 40 um and those at 20 pm, which have been used for further analysis.

The mechanical properties of the prosoma (Fig. 1a) and legs (Fig. 1b) sclerotized cuticle are listed in Table S2-
$3, and they were obtained by single indentation points. On the other hand, in the fangs’ cuticle, the investigation
was performed in different directions (Fig. 1c—e): the longitudinal and the transversal. In these, two regions
(based on Fig. 1d) can be distinguished: the brighter is the outer layers of fang’s cuticle (OL) and the darker is
the internal layers of fang’s cuticle (IL). The results regarding the tip section on the longitudinal direction are
depicted in Fig. 2a—c, Table S4, and Figure S1. The mechanical properties of the fang in the same direction, but
in the middle region are depicted in Fig. 2d,e, Table S4, and Figure S1. The mechanical properties of the section
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MODULUS
(GPa]

Figure 1. Representative drawing of the spider with the sections of interest. Coloured areas represent different
results of the Young’s modulus measured by nanoindentation. (a) Section of the prosoma in the longitudinal
direction (here the indented region is indicated). (b) Section of the leg in the transversal section with a detail of
the hair section. (c) Section of the fang in the longitudinal direction. (d) Section of the fang in the transversal
direction, on the base. (e) Section of the fang in the transversal direction, on the tip. The colour filling of the
spider schematic is to be considered illustrative, as the exoskeleton is composed of many other parts, e.g. hairs,
joints. Scale bars: 200 pum.
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Figure 2. Map of the Young’s modulus in different sections of the spider fang in the longitudinal direction. In
general, the outer layer of the sclerotized cuticle is stiffer than the internal. Images generated with the support of
Nanoblitz 3d, Nanomechanics Inc.
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Figure 3. Map of Young’s modulus of the spider fang in the transversal section on the tip. In general, the outer
layer of the sclerotized cuticle is stiffer than the internal. Images generated with the support of Nanoblitz 3d,
Nanomechanics Inc.

at the base of the fang in the longitudinal direction are presented in Fig. 2f-h, Table S4, and Figure S1. For the
fang tip, the results are depicted in Fig. 3, Table S5, and Figure S2 and for the basal section, Fig. 4, Table S5, and
Figure S3 show the values of the measured mechanical properties. The comparison of the mechanical properties
of the different body parts was performed through ANOVA and ES tests (Tables S6 and S7) (Fig. 5). In general,
the average values of hardness and Young’s modulus of the OL were significantly higher than those of the IL at
the tip sections. Moreover, for both the transversal and the longitudinal direction, the tip section has significantly
higher Young’s modulus and hardness than the basal. The Young’s modulus of the legs’ cuticle was significantly
higher than the cuticle of the prosoma. Surprisingly, the legs displayed a similar value of Young’s modulus with
respect to the tip section of the fangs’ cuticle and were significantly stiffer than their basal sections. On the other
hand, the tip section of the fangs’ cuticle was significantly harder than the leg one. Moreover, within the fang,
the hardness and Young’s modulus in OL were overall higher than those in IL, especially at the tip.

Through the SEM and AFM analysis, the quality of the surface was evaluated. The values of the average
roughness (R,) and mean root square roughness (R;) obtained with AFM were 6.7 +0.9 nm and 8.5+ 1.1 nm
(Table S8) respectively, which are lower concerning the nanoindentation depths (Tables S2-S5). AFM and SEM
techniques were also used to check the residual impression of the indenter (Figure S4). In particular, it has been
observed the occurrence of plasticity and the absence of cracks; which can be due to surrounding structural
failure that affects the mechanical properties®. Furthermore, the SEM investigation revealed insights into the
micro-structure of the spider’s fang. In accordance with the literature'®, a diversification of the stacked layers
was observed. In particular, going from the inside to the outside of the section, an overlap of the internal layers
of constant thickness was present. Afterward, there was a homogeneous layer with parallel structures and finally
the outer cuticle layer. Interestingly, the reduced spacing among these layers seems to coincide with an increase
in Young’s modulus and hardness (Fig. 6). Finally, we noticed that different elements presented various micro-
structural organizations. The more structured elements, i.e. fangs, revealed a clear distinction between the inner
and the outer cuticle’s layer (Fig. 6). In particular, the IL constituted the most extended area of the fang, with a
different organization of layers of chitin (Fig. 6d). On the other hand, the OL was composed of compact chitin
stacking with a lower thickness (Fig. 6e). In the other considered elements, this distinction was not visible, and
the mechanical properties were not different along the section.
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Figure 4. Map of the Young’s modulus of the spider fang in the transversal section on the base. Images

generated with

the support of Nanoblitz 3d, Nanomechanics Inc.
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Figure 5. Values of the Young’s modulus (a) and hardness (b) in each analysed section of the spider. Stars
indicate significant differences (p-value <0.5) and are valid for both external and internal cuticle layers.
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Figure 6. (a) Transversal section of the spider fang at its basis by SEM. (b) SEM image of the lateral edge of the
fang. (c) The Young’s modulus map of the region depicted in (b) by nanoindentation technique. (d) SEM image

of the inner cuticle layers of the fang. (¢) SEM image of the outer cuticle layer of the fang. Images generated with
the support of Nanoblitz 3d, Nanomechanics Inc.

Discussion

The nanoindentation technique allows researchers to perform local maps of mechanical properties, which are
important to understand the mechanics of artificial and natural structures?-**3>#142_ n this work, the investi-
gation was focused on different elements of the spider’s exoskeleton for which we expect different mechanical
properties: legs, prosoma, and fangs. The reason of this can be ascribed to the different cuticular structures
present in these parts. Indeed, the spider cuticle is similar to the insects one that consists in various layers (exo-,
meso-, and endocuticle)**. These are present in different proportions depending on the considered body part
of the spider’®, and have various level of sclerotization (i.e. mesocuticle is more sclerotized than endocuticle)
and microstructural organization, two factors that both define the mechanical properties of the exoskeleton**-¢.

In general, the reported results are aligned with previous indentation studies on spider fang’s tissue!%4.
However, no previous work reports the comparison of mechanical properties of different body parts. This work
aims to fill this gap, providing a comparison of the mechanical properties of the sclerotized layer of cuticle in
the legs, prosoma, and fangs.

The prosoma exoskeleton has the main functions to shield some vital organs as well as protect the spider from
quick dehydration®”. Moreover, it is also the tagma responsible for locomotion, feeding, and sensing, since the
prosomass cuticle is the base for the animal’s haemolymph pressure pump (i.e. the drive for the extension of two
major joints of all of their legs and pedipalps)'”. Legs are crucial for locomotion® and sensing purposes since
they host the major part of mechanical and chemical sensors*. On the other hand, fangs are indispensable to
feed, dig, and defend the spider!”. Thus, the fangs are the ones exposed to major external stresses, which require
a particular chitin structure, consisting in a lamellar architecture of the internal cuticle’s layers, confirmed by the
here reported SEM images'®. This structural design results in mechanical properties that depend on the thick-
ness and orientation of lamellas'®. This was confirmed here through nanoindentation, which showed a gradient
of Young’s modulus and hardness. In particular, the closer the cuticle’s layers the higher Young’s modulus and
hardness were measured. Moreover, as already demonstrated in other studies for other species'®", the fang’s
tip presented higher values of the hardness and Young’s modulus with respect to the base. This is related to the
biological function of the tip, i.e. the penetration of surfaces as well as the durability and wear resistance of the
tool'. From this point of view, a recent work showed that the actions of penetrating surfaces as well as resisting
wear and tear are aided by metals inclusion in the cuticle'?. This is in accordance with a previous study, which
showed the presence of metal ions in the fangs of the spiders that act as reinforcing elements'>'4. Moreover, the
different microstructural organization of the cuticle body parts (legs, prosoma, outer layer, and inner layer of
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the fangs) has been related to the polymorphic forms differentiated into their crystal structure®. Interestingly,
the different microstructural organization of the cuticle as well as the gradient of the mechanical properties is
found also in beetles*, highlighting the common evolutionary strategies (i.e. microstructural organization) to
optimize the biomechanical performances of anatomical parts.

The OL of the fangs was stiffer and harder than IL which is in agreement with the prediction of previous
studies’?. Interestingly, the metatarsus of the I pair legs’ cuticle was found as stiff as the fangs’ one. The legs of
the Theraphosidae host the majority of lyriform organs*, which are sensory systems with the aim to detect
vibrations*. These, in different shapes and numbers up to the considered species, deform because of the detected
vibration and transmit the relative signal by means of the nerves. The high stiffness of the legs’ cuticle, found in
this work, may be thus important to facilitate the transmission of mechanical stimuli®**!, which may depend on
both temperature and humidity'’, to slit sensilla. Indeed, spider lyriform organs have high mechanical sensitivity,
which also depends on their exponential stiffening behaviour, i.e. the relation between the cuticle’s stress and
strain follows an exponential curve. This allows the animals to detect a wide range of vibration amplitudes over
four orders of magnitude in frequency as low as 0.1 Hz and as high as several kHz!>~'%, which is what commonly
is present in nature'®. For these reasons, the stiffer leg cuticle in Harpactira curvipes may aid the perception of
vibrations.

Moreover, we do not exclude that stiff cuticle tissue is beneficial for the spiders’ locomotion. This requires high
differences in the pressure applied by haemolymph, which flows inside the legs, on the cuticle’. In this context,
a recent work? shows that spider haemolymph behaves as a shear-thinning non-Newtonian fluid, whose fluid
behaviour index is 0.5 (usually < 1 for pseudoplastic fluids, = 1 for Newtonian fluids, and > 1 for dilatant fluids).
This means that the higher the shear stress applied on the haemolymph, the lower is its viscosity. During spiders’
legs fast movements, there is a quick increase of pressure in the haemolymph, which results in higher shear stress,
induced by the interactions with the cuticles’ walls®. In this way, the stiffer the walls are, the higher is the shear
stress on the haemolymph52, which results to be less viscous, flows better in the joints, and facilitates locomotion.
Moreover, a more rigid cuticle sustains better the continuous changes in pressure within the legs*?%. These results
may be helpful to design bio-inspired hard or hard/soft systems, such as cutting tools or soft actuators, providing
an example of how an external rigid layer may help in the development even of soft actuators. In particular, the
optimized alternation between soft and rigid tissue can improve actuation mechanisms (e.g. hydraulic) aiding
the speed, the force output, the displacement, and the efficiency of artificial joints by localizing the pressure of
the actuating fluid preserving hardness®.

Although it is very challenging to have a mechanical characterization of all spiders’ body parts (including
microstructures such as hairs, slit sensilla, joints, and so on), this study provides an example of the importance
in performing such comparative analysis, since it confirms previous studies’ results and offers a starting point
for future discussion.

The role of hydration in affecting nanoindentation results. Nanoindentation experiments were not
performed on fresh samples, which were here dissected from animals preserved in ethanol (70%) and kept in the
refrigerator (4-8 °C). The hydration status strongly affects the mechanical properties of arthropods cuticle®*,
as deeply investigated for insects in Klocke et al.**. In that study; it is reported a significant reduction of hardness
and Young’s modulus (up to a factor of 9 and 7.4 respectively) in the hydrated cuticle with respect to the dry one.
Moreover, it is highlighted that in some cases the relative differences between meso/endo cuticle can be reverted
if the samples were dried.

To investigate hydrated samples by means of nanoindentation it is mandatory to use specific instruments in
which experiments in fluid are allowed. Indeed, the state of hydration must be maintained during the test, and
this is not possible with most of the available devices*. Nonetheless, there are instruments and techniques that
give the possibility to test samples while fully submerged in fluid*®. However, these techniques should also be
coupled with a method that takes into account the capillary forces that are known to interfere with sample surface
detection®” and that strongly depend on the indenter geometry>®. For this reason, to perform such tests, special
indenter probes are used for fluid immersed-samples™. Finally, a wet sample may display viscoelastic unloading
response when the probe is withdrawn®. In this sense, the well-known and established method developed by
Oliver and Pharr’, designed for dry samples, is based on the assumption that the unloading of the sample is
elastic. Thus, the calculation of the mechanical properties of hydrated samples should be done also considering
their viscoelasticity.

For the sake of clarity, it is important to discuss what are the possible effects of hydration on the results of this
work. Klocke et al.*® found that endo/meso cuticle are those mostly affected by water, whereas exocuticle is less
affected. Following Barth'® and Foelix! and looking at the indentation regions of this study, it is possible to say
that mostly meso/endo cuticle were here transversally tested®. In this context, if we assume that water affects
the mechanical properties at the same level as described in Klocke et al.”, for both the Young’s modulus and the
hardness we expect that the difference between dry and wet samples will not be enough to change the trends
observed in this work. Indeed, the relative differences between the meso/endo cuticle are 30% and 10% in the
dry state for Young’s modulus and hardness respectively, whereas in the wet state such differences are 17% and
100%. These relative differences are not comparable to the ones that we observed among the different regions
of the fang (e.g. basal and tip differ for a factor ~ 3, Fig. 5). On the other hand, this cannot be said for the differ-
ences between the external and internal layers of the cuticle. Nonetheless, this does not affect the finding of the
remarkable stiffness of the metatarsus cuticle, where no gradient was found (Fig. 5).

In finding the best technique to store cuticle samples, Aberle et al.*! suggested that freezing them preserved
better their mechanical properties, which is in common with octopuses flesh®® and that has been also recently
used for locusts®. On the other hand, they also show that the moduli of the sample preserved in ethanol are
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lower (up to three times) with respect to the fresh ones. Before being embedded in resin, the samples tested in
this work were stored in ethanol, which may have balanced the dehydration effect described earlier®.

When we designed the experiments for this work, the published studies related to spiders were considered.
In Tadayon et al."? the species C. salei was analysed, testing the samples in both dry and wet conditions. This
was done using an instrument designed for the purpose that implemented Oliver and Pharr*® method. In that
case, the dry samples reported an increase of Young’s modulus and hardness compared to the hydrated ones of
about 41% and 35% respectively. These values have been used to estimate the mechanical properties in hydrated
state in this study (Figure S5). Nonetheless, they show that the gradients inside the fangs were preserved, which
further supports the validity of our study. This is also supported by the studies conducted by Erko et al.'* and
Politi et al.’°, in which C. salei tissue were preserved in Ethanol 70% and stored at 4-8 °C, and then tested in dry
conditions with a Berkovich tip and using Oliver and Pharr*® method, as it has been done in this study.

Thus, the mechanical properties here presented are to be considered as comparative with respect to the
literature, and differences with respect to fresh tissue should be expected. We hope that this work will stimulate
further discussion on the delicate topic of measuring the mechanical properties of arthropods cuticle, as thor-
oughly dealt in Stamm et al.?’.

Conclusion

In this study, we provide a map of the mechanical properties by means of nanoindentation of different sclerotized
cuticular elements of the spider body. This helps to understand the intra-individual differences of the mechanical
functions and properties of the cuticular parts under study (namely legs, prosoma, and fangs). We confirmed the
results of previous studies on a different species and we showed that spider legs’ cuticle is stiffer than prosoma
and as stiff as the fang tips. This research offers new data on spider’s crucial biomechanical structures, which are
essential to understand spider biomechanics (e.g. locomotion or sensing), and it offers a case study on which
build further discussion and possible design of new bio-inspired structures.

Data availability
All data generated or analyzed during this study are included in this published article and its supplementary
information files.
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Table S1. Values of the Young’s modulus and hardness at different spacing for the longitudinal
basal section of the fang, and the epoxy resin used to prepare the samples.

Spacing Number of Young’s modulus p-value respect to Hardness (GPa) p-value respect to
(um) indentations (GPa) 20 um 20 um

Fang Resin | Fang Resin Fang Resin Fang Resin Fang Resin
10 14 18 4.2+0.8 3.6+£0.4 0.1573 0.1452 0.35+0.05 0.20+0.1 0.1262 0.2564
20 (used | 30 18 5.9+1.2 4.1+0.4 / / 0.3840.11 0.2340.02 / /
here)
30 19 18 4.242.2 4.4+0.3 0.1601 0.2563 0.31+0.2 0.24+0.03 0.0960 0.6543
40 15 18 5.4+0.7 4.0£0.4 0.0815 0.3581 0.36+0.08 0.224+0.03 0.1002 0.8021

Table S2. Values of the Young’s modulus and hardness for different sections of the prosoma.

Outer layer
Number of indentations 31
Avg. Young’s modulus [GPa] 3.42+0.57
Avg. Hardness [GPa] 0.34+0.07
Avg. Depth [nm] 30424242

Table S3. Values of the Young’s modulus and hardness for different sections of legs.

Outer layer
173

Number of indentations
Avg. Young’s modulus [GPa] 7.20+1.18

Avg. Hardness [GPa] 0.32+0.09




Avg. Depth [nm] 2663+403

Table S4. Values of the Young’s modulus and hardness for different sections of the fang in the

longitudinal direction.

LONGITUDINAL DIRECTION

TIP SECTION CROSS SECTION BASIS SECTION
Inner Inner Outer Inner Outer
Outer layer

layer layer layer layer layer
Number of 175 42 87 35 107 28
indentations
Avg. Young’s 5.60+0.36 6.20+0.52 | 4.02+0.15 | 4.11+0.35 | 3.64+0.27 | 3.60+0.24
modulus [GPa]
Avg. Hardness [GPa] | 0.53+0.07 0.68+0.05 | 0.44+0.03 | 0.44+0.06 | 0.40+0.04 | 0.39+0.05
Avg. Depth [nm] 2209+135 1996+172 | 2466+170 | 2514+164 | 25694254 | 2666+398

Table SS5. Values of the Young’s modulus and hardness for different sections of the fang in the

transversal direction.

TRANSVERSAL DIRECTION
TIP SECTION BASIS SECTION

Inner layer |  Outer Inner layer Outer

layer layer
Number of indentations 187 56 165 166
Avg. Young’s modulus [GPa] | 6.57+0.59 | 7.56+0.48 3.66+0.36 | 3.15+0.69
Avg. Hardness [GPa] 0.49+0.05 | 0.59+0.08 0.22+0.02 | 0.21+0.03
Avg. Depth [nm] 2437+£58 | 2216+43 23344559 | 2463+178

Table S6-7 are reported below in the end of the file.

Table S8. Roughness values.
Ra [nm] Rq [nm]
6.7+0.9 85+1.1
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Figure S1. Map of hardness in different sections of the spider fang in the longitudinal direction.
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Figure S2. Map of hardness of the spider fang in the transversal section on the tip. Images
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Table S6: p-values and Cohen coefficient (in italic) of the comparison of Young’s modulus among the different body parts of the spider.

Young’s modulus TRANSVERSAL DIRECTION LONGITUDINAL DIRECTION LEG PROSOMA
BASIC TIP SECTION BASIC SECTION CROSS TIP SECTION
SECTION SECTION
Outer | Inner Outer Inner Outer Inner Outer Inner Outer | Inner Outer Outer layer
layer | layer layer layer layer layer layer layer layer layer layer
TRANSVERSAL BASIC Outer - 0.0030 | 0.0000 | 0.0000 | 0.6530 0.5839 | 0.0006 | 0.0002 | 0.0000 0.0000 | 0.0000 0.2373
DIRECTION SECTION | layer 0.3570 | 5.2191 | 3.8100 | 0.0944 0.0727 | 0.6196 | 0.5315 | 3.2477 25375 | 3.1756 0.2487
Inner - 0.0000 0.000 | 0.0284 0.0001 | 0.3285 | 0.7240 | 0.0000 0.0000 | 0.0000 0.0048
layer 4.3784 | 3.1676 | 0.4513 0.4941 | 0.1677 | 0.0468 | 2.6234 2.0291 | 29147 0.5838
TIP Outer - 0.0000 | 0.0000 0.0000 | 0.0000 | 0.0000 | 0.0000 0.0000 | 0.0329 0.0000
SECTION | layer 1.4769 | 7.3601 9.6443 | 6.7807 | 8.0571 | 2.0305 2.6755 | 0.3300 6.8505
Inner - 0.0000 0.0000 | 0.0000 | 0.0000 | 0.0071 0.0000 | 0.0000 0.0000
layer 4.5535 5.5430 | 3.9328 | 4.5685 | 0.4966 1.2588 | 0.5736 4.5265
LONGITUDINA BASIC Outer - 0.6086 | 0.0000 | 0.0000 | 0.0000 0.0000 | 0.0000 0.2927
L DIRECTION SECTION | layer 0.1090 | 1.7746 | 1.5368 | 4.3849 2.8564 | 2.9964 0.2840
Inner - 0.0000 | 0.0000 | 0.0000 0.0000 | 0.0000 0.0288
layer 1.9795 | 1.5906 | 6.0094 32778 | 3.4979 0.4691
CROSS | Outer - 0.0509 | 0.0000 0.0000 | 0.0000 0.0000
SECTION | layer 0.3674 | 3.7900 22093 | 2.6647 1.5640
Inner - 0.0000 0.0000 | 0.0000 0.0000
layer 4.7047 2.5528 | 3.0079 1.5309
TIP Outer - 0.0000 | 0.0000 0.0000
SECTION | layer 0.7651 | 0.8253 4.1444
Inner - 0.0000 0.0000
layer 1.4867 2.9468
LEG Outer - 0.0000
layer 3.0667
PROSOMA Outer -
layer




Table S7: p-values and Cohen coefficient (in italic) of the comparison of hardness among the different body parts of the spider.

Hardness TRANSVERSAL DIRECTION LONGITUDINAL DIRECTION LEG PROSOMA
BASIC TIP SECTION BASIC SECTION CROSS TIP SECTION
SECTION SECTION
Outer | Inner Outer Inner Outer Inner Outer Inner Outer Inner Outer Outer
layer | layer layer layer layer layer layer layer layer layer layer layer
TRANSVERSAL BASIC Outer - 0.0000 | 0.0000 0.0000 | 0.0000 | 0.0000 | 0.0000 [ 0.0000 0.000 | 0.0000 | 0.0000 0.0028
DIRECTION SECTION | layer 0.8716 | 4.7272 3.5767 | 2.2337 | 2.8274 | 3.0462 | 3.3127 | 53582 | 3.8241 | 0.8754 0.6370
Inner - 0.0000 0.0000 | 0.0000 | 0.0000 | 0.0000 [ 0.0000 | 0.0000 | 0.0000 | 0.0000 0.0000
layer 6.4694 4.9290 | 3.6843 | 4.4160 | 4.6679 | 4.9859 | 7.1149 | 5.1148 | 1.6370 1.6333
TIP Outer - 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 [ 0.0000 | 0.0000 0.0000
SECTION | layer 1.1119 | 3.2932 | 4.1840 | 2.7176 | 3.3026 | 1.2081 | 1.0137 | 2.6705 3.8658
Inner - 0.0000 | 0.0000 | 0.0000 | 0.0000 [ 0.0000 | 0.3160 | 0.0000 0.0000
layer 1.6073 | 1.8457 | 0.9637 | 1.1767 | 2.1619 | 0.1228 | 1.9414 2.7732
LONGITUDINAL BASIC Outer - 0.2672 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0002 0.0000
DIRECTION SECTION | layer 0.2365 | 1.4204 | 1.4725| 3.5980 | 1.7716 | 0.7656 1.4629
Inner - 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 0.0000
layer 1.4793 | 1.3698 | 4.9636 | 1.9283 | 0.9794 2.3205
CROSS Outer - 0.2666 | 0.0000 | 0.0000 | 0.0000 0.0000
SECTION | layer 0.2080 | 3.3414 | 1.1013 | 1.2817 2.4018
Inner - 0.0000 | 0.0000 | 0.0000 0.0000
layer 4.1491 | 1.2880 | 1.3424 2.8951
TIP Outer - 0.0000 | 0.0000 0.0000
SECTION | layer 2.1832 | 3.4021 4.0494
Inner - 0.0000 0.0000
layer 2.1541 3.0703
LEG Outer - 0.1389
layer 0.3027
PROSOMA Outer -
layer






