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Scaling of claw sharpness: mechanical constraints reduce
attachment performance in larger insects
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ABSTRACT

Claws are the most widespread attachment devices in animals, but
comparatively little is known about the mechanics of claw attachment. A
key morphological parameter in determining attachment ability is claw
sharpness; however, there is a conflict between sharpness and fracture
resistance. Sharper claws can interlock on more surfaces but are more
likely to break. Body size interacts with this conflict such that larger
animals should have much blunter claws and consequently poorer
attachment ability than smaller animals. This expected size-induced
reduction in attachment performance has not previously been
investigated, and it is unclear how animals deal with this effect,
and whetheritindeed exists. We explored the scaling of claw sharpness
with body size using four insect species (Nauphoeta cinerea,
Gromphadorhina portentosa, Atta cephalotes and Carausius
morosus) each covering a large size range. The scaling of claw
sharpness varied significantly between species, suggesting that they
face different pressures regarding claw function. Attachment forces
were measured for A. cephalotes and G. portentosa (which had different
scaling of claw sharpness) on several rough surfaces using a centrifuge
setup. As expected, attachment performance was poorer in larger
animals. Firstly, larger animals were more likely to slip, although this
effect depended on the scaling of claw sharpness. Secondly, when they
gripped, they attached with smaller forces relative to their weight.
This size-induced reduction in attachment performance has
significant implications for the attachment ability of larger animals on
rough surfaces.

KEY WORDS: Claw sharpness, Scaling, Attachment performance,
Allometry

INTRODUCTION

Claws are the most widespread attachment device in the animal
kingdom and are found in species ranging from tiny mites (Heethoff
and Koerner, 2007) to large cats (Mattheck and Reuss, 1991) and
the largest dinosaurs (Lautenschlager, 2014). Claws are an excellent
climbing tool, as they can be made from stiff and hard materials
(e.g. Bonser, 1996; Schofield et al., 2009; Yang et al., 2014), which
reduces wear and allows the generation of large attachment forces
(Dai et al.,, 2002). A key question for understanding claw
functioning is, which morphological features are important for
claw performance?
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Although several studies have correlated various aspects of claw
morphology, for example claw curvature, with lifestyle or habitat
(D’Amore et al., 2018; Feduccia, 1993; Pike and Maitland, 2004,
Tulli et al., 2009, 2011; Zani, 2000), these investigations were
conducted exclusively in vertebrates, and the biomechanical
principles that link claw morphology to attachment performance
were not considered. Correlational studies that have examined both
claw morphology and attachment performance (Tulli et al., 2011,
Zani, 2000) have not explored the mechanics of attachment and, in
particular, did not consider claw tip diameter, a key character
influencing attachment ability (Dai et al., 2002; Ditsche-Kuru et al.,
2012). Contrastingly, mechanical models of claw function have
focused mainly on claw tip diameter (Bullock and Federle, 2011;
Dai et al., 2002; Ditsche-Kuru et al., 2012; but see Song et al.,
2016); however, these studies have not explored the distribution and
ecological relevance of this trait. Hence, there are many unknowns
in claw-based attachment.

Claws can provide grip by interlocking with surface asperities
(projections from a rough surface). This interaction has been
modelled, initially by Dai et al. (2002) and then more
comprehensively by Asbeck et al. (2006). An important prediction
from both models is that whether or not a claw interlocks is
determined by the diameter of the claw tip (Dcr) (i.e. claw sharpness)
relative to the asperities on the surface it is interacting with. As a
rough guide, if Dct is smaller than the diameter of a hemispherical
asperity it is engaging with then the claw will interlock. A blunter
claw will slip, so that the gripping force will be solely determined by
the sliding friction between the body surfaces in contact with the
substrate (Asbeck et al., 2006; Dai et al., 2002). Thus, for a given
surface of fixed area, sharper claws will have more asperities to
interlock with (Fig. 1); for fractal surfaces, the number of usable
asperities per unit length should scale with 1/Dct (Asbeck et al.,
2006). This simple interlocking model of claw attachment is well
supported by studies with live animals (Bullock and Federle, 2011;
Dai et al., 2002; Ditsche-Kuru et al., 2012).

In order for a claw to maximise interlocking ability, it should be
as sharp as possible. However, the tips of sharper claws will
experience greater stress and therefore face a greater risk of failure
than those of blunter claws; consequently, the design of claw tips
may be subject to a trade-off (Asbeck et al., 2006; Labonte and
Federle, 2015). This trade-off becomes particularly troubling as
animals change in body size. Geometric similarity (i.e. Dcrocmass'’3),
predicts that larger animals will have blunter claws. This alone may
not present a disadvantage for larger animals, as they also have
longer legs and hence probably ‘scan’ a larger area to find a usable
asperity. Indeed, for surfaces with fractal roughness, isometric
growth of leg length would suffice to keep the number of usable
asperities constant even for isometrically blunter claws (Fig. 1).

However, isometric claws are predicted to experience increasing
stress (force per cross-sectional area) for larger animals, as weight
increases faster than claw tip cross-sectional area, which may
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List of symbols and abbreviations

a acceleration

AIC  Akaike information criterion

Cl confidence interval

Dct  claw tip diameter

F force

Fmax Mmaximum sustainable attachment force
FPS frames per second

g acceleration due to gravity

m mass

OLS ordinary least squares

r distance of insect from centre of the centrifuge
S safety factor (shear force per body weight)
SMA standardised major axis

eventually lead to claw breakage or wear. Therefore, in order to
prevent fracture, claw tip diameter should be positively allometric to
maintain constant stress. Maintaining constant claw stress would
require mass/Dgr to be constant, yielding a predicted scaling of
Dcrocmass'? (Labonte and Federle, 2015). However, such positive
allometry would imply that the number of usable asperities would
decrease even on fractal surfaces, resulting in poorer attachment
performance (Fig. 1). This predicted, size-based reduction in
attachment performance has not, to our knowledge, previously been
investigated.

Because of the link with body size, scaling studies can be used to
explore the dynamics of this trade-off between bluntness and
sharpness. Departures from geometric similarity can reveal how
mechanical constraints influence trait morphology and performance,
although deviations from isometry can also occur for other reasons,

and in particular may be constrained by phylogeny (Labonte et al.,
2016; Peattie and Full, 2007). Investigating the scaling relationships
of claw sharpness across organisms from different groups can
therefore reveal the relative importance of the conflicting pressures
towards blunt and sharp claws.

Here, we studied the effects of body size on attachment
performance through claw morphology by (1) investigating the
scaling relationship between body size and claw sharpness for four
insect species, each covering a large range of body masses, and (2)
testing how attachment performance on rough surfaces is
determined by body size.

MATERIALS AND METHODS

Study animals

Individuals of two cockroach species, Nauphoeta cinerea (Olivier
1789) and Gromphadorhina portentosa (Schaum 1853), and stick
insects Carausius morosus (Sinety 1901) were obtained from
laboratory colonies. Leafcutter ants Atta cephalotes (L. 1758) were
obtained from a laboratory colony with additional individuals
obtained from a colony at London Zoo.

Claw morphometry

In order to measure how claw tip diameter changes with body size,
we selected individuals from each species (G. portentosa, n=19;
N. cinerea, n=20; C. morosus, n=20; A. cephalotes, n=23) to cover
the full range of body masses. For G. portentosa, N. cinerea and
C. morosus, different-sized individuals were obtained by selecting
different instars (hence measuring ontogenetic allometry); whereas
for A. cephalotes, the different-sized individuals were all adults
of different worker castes (measuring static allometry). NB For
holometabolous insect species such as leafcutter ants, it is not
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Fig. 1. The effect of different scaling of claw sharpness on attachment performance. (A) A small animal attempting to grip on a rough surface will easily
be able to find a useable asperity (shaded in grey) to interlock its claws with, even if it can only sweep or scan the claw over a short distance (Dsyepy)- For a larger
individual, whether or not the claw finds a suitable asperity will depend on the allometry of claw sharpness. (B) For isometric scaling of claw tip diameter
(Dcrexmass ™), although the blunter claw tip has fewer usable asperities per unit length, the animal will probably have longer legs and can thus scan a greater
distance (i.e. Dswept is greater). On a fractal surface, this larger claw is thus still likely to find a suitable asperity to interlock with. (C) In contrast, where

claw tip diameter shows positive allometry, here scaling to maintain constant stress on claw tips (Dcrexmass/?), the larger individual will have a much blunter claw
tip and will be unlikely to grip. In this case, Dswept Will be the same as for the larger animal showing isometric scaling of Dcr, but the much blunter claw tip

means that over this distance the individual is unlikely to find a usable asperity.
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possible to obtain an ontogenetic series of claw tip diameters as (in
contrast to the hemimetabolous cockroaches and stick insects) the
adults are the first stage which have fully developed claws.

Body mass was recorded after collection with a Sartorius MC5
microbalance accurate to 1 pg for smaller insects (ca. <0.5g,
dependent on species) and a Sartorius 1202 MP balance accurate to
10 mg for larger insects. Claws were mounted on carbon tape (Agar
Scientific, Stansted, UK) on aluminium stubs (Agar Scientific). As
claw orientation could potentially affect the measurement of claw
tip diameter, this was standardised by mounting claws laterally
(Fig. 2). Claws of some insects were broken, and so to ensure
sufficient numbers of unbroken claws, we mounted between two
and four claws per individual (dependent on claw damage) to
compensate for broken claws. Claws from front, middle and hind
legs were used; exploratory statistical tests supported the
assumption that there was no difference in claw tip diameter
between legs within an individual (likelihood ratio test, x3=6.94,
P=0.14).

Claws were imaged either using a Zeiss 1530VP Field Emission
SEM or a FEI Verios 460 SEM. As claws were sampled across
several years and at different facilities, sputter coating procedures
varied slightly, but typically resulted in ca. 50 nm of coating. Claw
tip diameter was measured as twice the radius of curvature of the
claw tip with ImagelJ (Schneider et al., 2012) by fitting a circle into
the claw tip as described in Dai et al. (2002).

Attachment performance experiments

The maximum attachment forces of individuals of a range of masses
from A. cephalotes (0.297 to 82.7 mg, n=199) and G. portentosa
(47.2 mg to 14.3x10% mg, n=103) were recorded on rough surfaces
of several asperity sizes using a centrifuge setup similar to that
described in Federle et al. (2000) (Fig. 3). These species were
chosen as they were the two species with the largest range of body
masses and showed a clear difference in the scaling of claw tip
diameter (see Results). The setup consisted of a central horizontal
platform attached to the rotor of a centrifuge, and an external guard.
As rough substrates, we used aluminium oxide polishing films
(Ultra Tec, SantaAna, CA, USA) of varying nominal particle sizes

or 80 grit sandpaper (with nominal particle size 190 pum). The
nominal particle sizes quoted hereafter are those provided by the
manufacturer, which have previously been shown to correspond
roughly to the maximum profile height and approximately four
times the root mean square roughness (Bullock and Federle, 2011).
The substrates were attached to the underside of blank CDs using
superglue and the CDs were fixed to the central platform of the
centrifuge.

For a single measurement, insects were placed individually on the
substrate. The centrifuge speed was increased until the insect lost
grip and fell off. If the insect actively walked off the test surface
during a trial, the centrifuge was stopped and the trial restarted.
Insects were only used for one trial, and were weighed after testing.
Each species was tested on five surfaces of different roughness,
chosen to include asperity sizes of a range larger than the range of
measured claw tip diameters of each species. Consequently, the
surfaces chosen differed between species (see Results).

To identify the rotation speed at which the insects fell off, each trial
run was recorded from above using a Basler A602f camera (Basler
Vision Technologies, Ahrensburg, Germany). This camera was
triggered by a photoelectric sensor detecting a piece of reflective foil
attached to the centrifuge, so that the camera took one video frame
with each revolution of the centrifuge. Thus, as the centrifuge sped
up, the frame rate of the video increased so that a static image of the
centrifuge rotor was filmed. This allowed the radial position and
rotation speed (frames s~!) at which the insect fell off to be
determined. The setup was illuminated, and the video was recorded
using StreamPix (versions 3 and 4, NorPix, Montreal, Canada).

Maximum (shear) attachment force was determined by analysing
the recorded videos with a custom-written MATLAB script. The
distance (7) between the centre of mass of the insect and the centre of
rotation, as well as the number of frames per second at the point of
detachment were measured to calculate the acceleration, a=r(2mxno.
frames s~!)2, experienced by the insect at the moment it detached.
Detachment force (F) was then calculated using F=ma, where m is
body mass. Forces were standardised by converting to safety factor
(S: shear force per body weight, equivalent to the definition of the
friction coefficient), using S=F/mg, where g=9.807 N kg~

Fig. 2. Scanning electron micrographs of representative
claws from the four insect species used, illustrating
orientation for measurement of claw tip diameter.

(A) Gromphadorhina portentosa, one claw from both early
(small claw) and late (large claw) instars. (B) Nauphoeta
cinerea. (C) Atta cephalotes. (D) Carausius morosus.
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Fig. 3. The centrifuge setup used for attachment performance
measurements. FPS, frames per second.

Statistical analyses

The scaling coefficient of allometric relationships between two
variables is the slope of the regression line when these variables are
plotted on logarithmic axes. Both ordinary least squares (OLS) and
standardised major axis (SMA) regression are frequently used in
studies of allometry (Labonte and Federle, 2015); however, there is
some controversy as to which is the more suitable approach (Egset
etal., 2012; Pélabon et al., 2014; Smith, 2009; Warton et al., 2006).
We hence report results from both models for all relationships,
except for the models of safety factor with body mass where the
95% confidence interval (CI) of some OLS slopes included zero, in
which case SMA breaks down. All statistical analyses were
performed in R (version 3.4.1, https:/www.R-project.org/); SMA
regressions and comparisons of slopes and elevations between
species were carried out with the package smatr (Warton et al.,
2012), using Sidak corrected P-values for pairwise comparisons
between species.

For the analyses of the scaling of claw tip diameter with body
mass, claw tips that were obviously broken were excluded. Mean
claw tip diameter was calculated for each individual. OLS and SMA
regression analyses were carried out on log;o-transformed variables
of body mass and mean claw tip diameter. We also explored
analysing the same relationships using minimum claw tip diameter;
this yielded slightly higher scaling coefficients but similar results to
those for mean claw tip diameter (reported below).

OLS linear regression models were used to analyse the relationship
between safety factor, insect mass and surface roughness. Safety
factor, mass and surface particle size were log;o-transformed for all

models. For both G. portentosa and A. cephalotes, inspection of the
data and residual plots indicated that safety factors showed a bimodal
distribution (Fig. S1). That is, the measured safety factors fell into one
of two distinct categories. The insects either produced large safety
factors, which we interpreted as reflecting individuals gripping with
their claws on the centrifuge surface, or they produced small safety
factors, which we interpreted as the insects failing to grip and
slipping. In order to comply with the assumptions of the linear model,
and to capture this effect and its relationship to body mass in more
detail, the results were analysed separately for each category, hereafter
termed grip/slip condition.

To separate the two categories of grip/slip condition, we used a
cut-off threshold in safety factor, above which the insect was classed
as gripping. The cut-off value was determined using an optimisation
script, which compared linear models with safety factor as response
and insect mass, surface roughness and grip/slip condition as
predictors. Safety factor, mass and surface roughness were modelled
as continuous variables, and grip/slip condition as a categorical
variable. The cut-off value was varied across the range of observed
safety factors for each species, and the value that gave the highest
adjusted R? value was chosen as the cut-off. This cut-off safety
factor was 2.55 and 8.15 for G. portentosa and A. cephalotes,
respectively (Fig. S1).

To assess the suitability of this approach, we compared models
with and without this additional categorical predictor. For both
A. cephalotes and G. portentosa, inclusion of grip/slip condition
resulted in a significant improvement in model fit, as confirmed by a
reduction in the Akaike information criterion (AIC) value. To
further investigate the relationship between safety factor, mass and
surface roughness, we ran separate regression models for the grip
and slip conditions for both insect species. Binary logistic
regressions were used to test the effect of surface roughness and
mass on whether the insects were classed as gripping or slipping.

RESULTS

Allometry of claw tip diameter

For all four insect species, claw tip diameter increased with body
mass (Fig. 4; F-tests, all R*>0.40, P<0.005; note, R? values are
equivalent for OLS and SMA regressions). The scaling of claw tip
diameter with body mass differed significantly between species
(OLS regression: F3 74=6.76, P=0.0004; SMA regression: 3=18.4,
P=0.0004). The claw tip diameters of A. cephalotes (measured
across the different adult worker castes) increased significantly more
slowly with mass than those in the other species (where different
instars were measured; pairwise comparisons between 4. cephalotes
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and the other three species, all ¥7>10, P<0.01). There were no
significant differences in the scaling exponents between the other
three species (pairwise comparisons, all ¥3<0.4, P>0.9).

For A. cephalotes, claw tip diameter scaled with body mass with a
scaling exponent of 0.233 (SMA, 95% CI: [0.165, 0.328]). Thus,
the slope was significantly lower than 1/3, the expected value for
isometry. For the other three species, claw tip diameter showed
scaling exponents significantly larger than 1/3 (SMA slopes for
G. portentosa: 0.542 [95% CI: 0.433, 0.679], N. cinerea: 0.547
[0.383, 0.782] and C. morosus: 0.609 [0.440, 0.843]), indicating
positive allometry. For these three species, scaling relationships
were consistent with a scaling exponent of 1/2, expected if animals
were to maintain a constant tip stress (Fig. 4, Table 1).

Regression fits for OLS regressions gave lower slopes than those
for SMA regressions, but similar conclusions. There were some
differences in interpretation of the scaling relationships for
individual species, depending on the regression model chosen.
For N. cinerea and C. morosus, in contrast to the SMA regression,
the scaling exponent from the OLS regressions was not significantly
larger than 1/3. Parameters from both models are reported in Table 1.

On fitting an SMA regression model with a common slope to the
data from G. portentosa, N. cinerea and C. morosus, the elevations
[predicted log;o(claw tip diameter) at mass=1 mg (where diameter is
in um)] of the regression fits varied between these species (SMA
regression, Wald statistic: #,=9.70, P=0.0078). Thus, although the
scaling relationships are similar, for individuals of equal mass
the claws differ in sharpness. The claws of N. cinerea were sharper
than those of C. morosus (Wald: W,=9.04, P=0.00792), but not
significantly different from those of G. portentosa (Wald: W,=3.24,
P=0.20) and there was no significant difference in claw sharpness
between G. portentosa and C. morosus (Wald: W1=1.32, P=0.58).
Notably, the common slope for these three species was still in
agreement with a scaling coefficient of 1/2, and this result was
consistent between SMA (slope=0.559, 95% CI: [0.476, 0.658]) and
OLS (slope=0.493, 95% CI: [0.414, 0.573]) regressions. For A.
cephalotes, the scaling exponent was lower than that for the other
three species, and hence comparing claw sharpness between this
species and the others was only possible for a particular body mass.
Nonetheless, in the range of recorded masses for A. cephalotes, claw
tip diameters were larger than those for the other three species (Fig. 4).

Attachment performance

The separation of individuals into those that gripped or slipped
dramatically and significantly improved the fit of regression models
of safety factor against body mass and surface roughness for both
G. portentosa (likelihood ratio test, F495s=62.3, P<0.0001) and

Table 1. SMA and OLS regression coefficients of body mass against
claw tip diameter for Gromphadorhina portentosa, Nauphoeta cinerea,
Carausius morosus and Atta cephalotes

Elevation/intercept

[log1o(km)]
[95% CI-, 95% CI*]

—-0.813 [-1.201, —0.425]

Slope
[95% CI—, 95% CI*] R?

0.542[0.433,0.679] 0.80

Species Model

G. portentosa SMA

OLS —0.643[-1.030, —0.255]  0.486[0.363, 0.609]

N.cinerea ~ SMA —0.983 [-1.393, —0.573]  0.547[0.383,0.782] 0.46
OLS —0.632[-1.040, —0.225]  0.371[0.171, 0.570]

C. morosus SMA —0.849 [-1.263, —0.436]  0.609 [0.440, 0.843] 0.55
OLS -0.550[-0.960, —0.140]  0.454[0.252, 0.655]

A. cephalotes SMA  0.152[0.046, 0.257] 0.233[0.165, 0.328] 0.41
OLS  0.231[0.130, 0.332] 0.148 [0.067, 0.229]

SMA, standardised major axis; OLS, ordinary least squares.

A. cephalotes (likelihood ratio test, Fy 191=97.1, P<0.0001). For
G. portentosa, adding the grip/slip condition into the model
increased the adjusted R? from 0.60 to 0.89 and decreased the AIC
from 78.9 to —45.7. For A. cephalotes, adding grip/slip into the
model increased the adjusted R? from 0.41 to 0.80 and decreased the
AIC from 258 to 46. Therefore, the analyses of safety factor versus
body mass or surface roughness reported below were separated into
individuals that gripped and those that slipped.

Gromphadorhina portentosa
The safety factors attained by G. portentosa on the different surfaces
varied from 0.58 to 72 (n=103). Larger individuals had poorer
attachment performance in two respects. Firstly, they were less
likely to grip on the centrifuge surface than smaller individuals
(logistic regression, z=2.815, P=0.0049). Secondly, for those
individuals that were able to grip on the surface, safety factor
decreased significantly with increasing body mass (slope=—0.211,
te0=4.49, P<0.0001; Fig. 5A). Attachment performance improved
as surface roughness increased, in terms of both the proportion of
individuals that were able to grip (logistic regression, z=2.50,
P=0.012) and the safety factor of those individuals (OLS regression,
te0=2.156, P=0.035). There were no significant interactions between
body mass and surface roughness for models considering either the
proportion of individuals that slipped (logistic regression, z=1.62,
P=0.10) or safety factor (t50=0.60, P=0.55). Thus, for individuals
that gripped on the centrifuge, safety factor scaled with body mass
with a scaling exponent of —0.229 (95% CI: [-0.301, —0.157]).
For those individuals that slipped off in the centrifuge, there was
no evidence of any effect of surface roughness on safety factor
(likelihood ratio test, F»3;=0.68, P=0.51, with data for 12 and
190 um surfaces excluded because of low sample sizes). We
therefore fitted a model of just safety factor versus mass for the
G. portentosa that slipped, for which safety factor did not change with
mass (#37=0.048, P=0.96), with a scaling exponent of —0.002 (95%
CI: [-0.065, 0.062]). The mean safety factor and hence friction
coefficient for these individuals was 1.10 (95% CI: [0.97, 1.22]).

Atta cephalotes
There were several relevant differences in the scaling of attachment
performance between 4. cephalotes and G. portentosa. The safety
factors for A. cephalotes covered a larger range than those of
G. portentosa (Fig. 5B), varying from 0.45 to 354 (n=199).
Additionally, the effects of body mass on attachment performance
were less pronounced and more complex in 4. cephalotes. Overall,
there was no evidence that larger individuals were more likely to slip
than smaller individuals (logistic regression, z=1.22, P=0.22), in
contrast to G. portentosa. For individuals that gripped, the scaling
coefficients of safety factor with body mass became more negative
as surface roughness increased (#;3;=2.25, P=0.026, Fig. 5B).
Scaling coefficients of safety factor with body mass were not
significantly different from zero on the surfaces with the lowest
roughness, but became increasingly negative as surface roughness
increased, such that on the roughest (16 um) surface, safety factor
decreased with increasing body mass, with a scaling coefficient of
—0.167 (95% CI: [-0.310, —0.025]). There was no interaction
between body mass and surface roughness on whether ants gripped
or slipped (z=1.22, P=0.22); however, as was the case for
G. portentosa, the ants were significantly more likely to grip on
rougher surfaces (logistic regression, z=5.20, P<0.0001; Fig. 5B).
For the ants that slipped (only the three substrates with the lowest
surface roughness contained enough ants of a wide range of body
masses to be included), there was a significant interaction between
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Fig. 5. Scaling relationships between safety factor and body mass for surfaces of different roughness. (A) Gromphadorhina portentosa cockroaches
(n=20, 21, 20, 22 and 20 for 0.05, 0.3, 3, 12 and 190 um surfaces, respectively). (B) Atta cephalotes ants (n=40 for each surface except 16 um for which n=39).
Points represent individual insects and are categorised by whether the individual gripped (circles) or slipped (crosses), with corresponding (ordinary least
squares, OLS) regression lines. A common regression was fitted to the G. portentosa that slipped. The horizontal dotted line indicates the cut-off for the grip/slip

condition.

insect mass and surface roughness (#5,=4.80, P<0.0001). For the
0.05 pum surface, there was little change of safety factor with mass,
whereas for the 0.3 and 1 um surfaces, safety factor decreased with
mass with scaling exponents of —0.272 (95% CI: [-0.442, —0.103])
and —0.286 (95% CI: [-0.409, —0.163]), respectively (Fig. 5B).
The mean safety factor/friction coefficient for individuals that
slipped was 3.15 (95% CI: [2.72, 3.57]).

DISCUSSION
Claws are important attachment devices for climbing animals,
facilitating grip on a wide range of rough surfaces. Claw function
depends on two opposing factors, both related to claw sharpness,
here determined by measuring the diameter of the claw tip. Sharper
claws can interlock with a larger number of asperities, but are also
more likely to break (Labonte and Federle, 2015). Thus, animals
face a trade-off, and the relationships between claw sharpness and
animal size can reveal the relative importance and influence of these
conflicting pressures on claw function.

The scaling relationships of claw sharpness varied between the
four insect species studied, indicating that they may be under

different pressures regarding claw performance. As predicted, these
scaling relationships had significant consequences for the insects’
attachment performance on rough surfaces. Whole-body attachment
force measurements of G. portentosa and A. cephalotes revealed
that larger individuals attached less well in two respects. Firstly, for
G. portentosa, where claw tip diameter showed positive allometry,
larger individuals were more likely to slip (as defined in the next
paragraph) than smaller individuals. Secondly, for both species,
even when gripping onto a surface, larger individuals had mostly
smaller safety factors than smaller individuals. The results of this
study therefore provide strong evidence that larger animals perform
less well on rough surfaces than smaller animals, as a result of the
biomechanical constraints of claw design.

We observed a bimodal distribution of safety factors for both
G. portentosa and A. cephalotes when gripping on rough surfaces
(Fig. S1). This is in perfect agreement with the binary ‘grip and slip’
model proposed by Dai et al. (2002), which states that a claw will
either interlock with surface asperities and grip, generating a large
attachment force, or fail to interlock and slip, leading to a low
attachment force. On exploring models of safety factor and body
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mass without accounting for this bimodal distribution, the residuals
did not comply with model assumptions. When we incorporated the
bimodal distribution into our analyses by separating observations
using a grip or slip condition, the quality of the models of safety
factor and body mass (as determined by AIC and R?) was much
improved. Hence, there are good biological and statistical rationale
for this data treatment. Our subsequent analyses and discussion of
these data follow this categorisation of attachment performance.

Once an individual has gripped onto a surface, the maximum
attachment force, and thus safety factor, they can generate will be
the force at which the claw—asperity contact fails. Dai et al. (2002)
state that this force should be proportional to insect muscle force;
however, this is not necessarily the case, as maximum force could
alternatively be limited by structural failure of the claw tip or
asperity, or elastic rotation of the claw such that it slips off the
asperity. In this situation, claw tip diameter may determine
maximum force and safety factors (Asbeck et al., 2006).

Hence, attachment performance on rough surfaces can be
quantified by recording whether or not an individual grips or
slips, and by measuring the safety factor produced when it grips.
Exploring how these two measures correlate with claw tip diameter
and body size is informative for revealing the determinants of
attachment performance.

Determinants of attachment performance

Claw tip diameter

Our results support previous models and experimental work
(Asbeck et al., 2006; Bullock and Federle, 2011; Dai et al., 2002;
Ditsche-Kuru et al., 2012) which suggested that claw tip diameter is
a key determinant of attachment performance on rough surfaces.
Moreover, our data also support a key prediction of the
consequences of positive allometric growth of claw tip diameter;
namely, that if claws become increasingly blunt to maintain stability
as body size increases, attachment performance will decrease as the
number of usable asperities decreases in relation to the dimensions
of the animal (Asbeck et al., 2006; Labonte and Federle, 2015). This
can be seen from the differing performances of G. portentosa and
A. cephalotes on the centrifuge.

In G. portentosa, claw tip diameter is positively allometric.
Correspondingly, for this species, there was a significant reduction
in the number of individuals gripping on the centrifuge as body
mass increased. Contrastingly, for A. cephalotes, claw tip diameter
increased much more slowly with increasing body size, showing
slight negative allometry. In 4. cephalotes, there was no significant
change in the number of individuals gripping or slipping on the
centrifuge as body mass increased. Thus, these data suggest that
positive allometric scaling of claw tip diameter in species such as
G. portentosa constrains the attachment performance of larger
animals with respect to their ability to grip on a surface.

For G. portentosa and A. cephalotes, there was variation, even on
the same surface and among individuals of the same body size, as to
whether they gripped or slipped. This is to be expected given that
claw tip diameter between (and within) individuals, and particle
size across a surface, will show variability. This is also why
G. portentosa, on any given surface, did not show a sharp transition
from grip to slip as body size increased (Fig. 5A). For G. portentosa
on the 3 pm surface, where there were similar numbers of
individuals gripping and slipping, we estimated the body mass at
which the probability of slipping was 0.5 as 4.79 g. Using our models
of claw tip diameter allometry, this mass would correspond to
Dcr=15.2 pm (SMA) or Dcr=14.0 pm (OLS), in rough agreement
with the dimensions of the asperities.

Claw tip diameter could also determine attachment performance in
a second way: by influencing the maximum sustainable force (Fpax)
once a claw is interlocked with an asperity. If F,,, is the force at
which either the asperity fails or the claw/claw tip fails, then the force
at failure should scale with D& (Asbeck et al., 2006). As a
consequence of this, failure of the claw—asperity contact through
either asperity failure or claw tip failure will depend on how claw tip
diameter scales with body mass for the species concerned. Using our
data, we can therefore test whether claw tip diameter determines Fy,y.

For G. portentosa, Derocmass®>#2, and so assuming Fpp, <D,
Foax should scale with mass'%8 for individuals that interlock
successfully. Safety factor should therefore remain more or less
constant or even increase slightly with body mass, with a predicted
coefficient of 0.084 (95% CI: [—0.134, 0.358]). For A. cephalotes
Dcromass®?33, so Fi,y should scale with DZrocmass®4®. Hence,
safety factor should scale with mass with a coefficient of —0.534 (95%
CI: [-0.670, —0.344]). The respective scaling coefficients from the
roughest surfaces from neither species agree with these predictions;
the coefficient for G. portentosa was —0.280 (95% CI: [—0.390,
—0.170]) and for 4. cephalotes —0.167 (95% CI: [-0.310, —0.025]).
As maximum attachment force is not well explained by either claw or
asperity failure, it is likely that a factor other than claw tip diameter
determines this aspect of attachment performance.

Muscle force

Maximum sustainable attachment force through interlocking
between a claw and an asperity may depend on muscular strength
(Dai et al., 2002). Insects can engage their claws with a substrate by
a muscular pull on the unguitractor tendon, causing claws to retract
(Federle et al., 2001; Snodgrass, 1956). When the insect resists a
strong force by gripping onto an asperity with their claws, it is likely
that this force will be balanced by a muscular pull (Dai et al., 2002)
(assuming the claw is not fully extended). Thus, the claw will move
(extend) once the force exceeds the maximum pull the muscle can
produce, potentially leading to a loss of grip.

Assuming simple geometric scaling of muscle cross-sectional
area, muscle force should scale with mass?3. If muscular effort
determines attachment force, safety factorcemass?>/massocmass ™!/,
This expected coefficient of —1/3 is in good agreement with the
observed scaling of safety factor for G. portentosa of —0.280 (95%
CI: [-0.390, —0.170]) on the roughest surface. For 4. cephalotes,
the scaling of safety factor with mass on the roughest surface was
—0.167 (95% CI: [-0.310, —0.025]). Hence, our data more broadly
support a hypothesis that attachment performance when claws grip
is poorer in larger animals because of the decrease of muscle force
relative to body mass.

Friction, adhesion and non-claw attachment structures

If an individual fails to grip on the centrifuge, the recorded force as it
slips off should just be determined by friction between the insect
cuticle and the centrifuge surface. For G. portentosa, safety factor
did not change with body mass for these individuals, consistent with
the expectation for classic friction (Gao et al., 2004). The safety
factor, equivalent to the friction coefficient, for the G. portentosa
that slipped was 1.10 (95% CI [0.97, 1.22]). This value is
considerably larger than values for rigid solids, including insect
cuticle (0.35; unpublished data cited in Dai et al., 2002), suggesting
some contribution from soft structures such as the frictional pads
(euplantulae) (Clemente and Federle, 2008; Labonte et al., 2014).
However, the centrifuge setup may overestimate friction forces for
such low angular velocities, potentially explaining the difference in
friction coefficient from that determined by Dai et al., (2002).
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For the ants that slipped, the situation is more complex. Safety
factors were much higher than those for G. portentosa and
decreased with increasing body mass for some surfaces. This is
not in agreement with a simple friction model and indicates a
contribution of adhesion to the observed friction forces. In
Hymenoptera, when claws fail to engage, the arolia (adhesive
pads) are brought into contact with the surface (Federle et al., 2001)
and it may be that these, along with frictional hairs on the ventral
surface of the tarsus (Endlein and Federle, 2015), contribute to the
higher safety factors observed.

Consequences of the link between claw morphology and
attachment performance

We have shown that the scaling of claw sharpness with body size
can have a substantial effect on insect attachment performance. The
allometry of claw sharpness also has important implications for
claw tip stress and the risk of claw breakage (Asbeck et al., 2006;
Labonte and Federle, 2015). Thus, the differing scaling
relationships observed here imply that the four species may face
different constraints relating to surface attachment.

One key difference between the ants and the other three species is
that the ants were all adults from worker castes of different size, i.c.
we were measuring static allometry, whereas for G. portentosa,
N. cinerea and C. morosus, we measured ontogenetic allometry
across different instars. Consequently, the observed difference in
scaling coefficient between the ants and the other species may
reflect constraints relating to the respective types of allometry we
observed. For instance, the early instars of G. portentosa, N. cinerea
and C. morosus could well risk having very sharp claws, as nymphs
are short lived and claws may regenerate through subsequent moults
(Brindley, 1897; Maginnis, 2006; O’Farrell and Stock, 1965).
However, while static and ontogenetic allometries can differ, the
two are linked and often highly conserved (Pélabon et al., 2013). It
would be informative to examine ontogenetic versus static allometry
of claw sharpness across multiple insect species to test whether, as
observed here, a larger scaling coefficient for claw tip diameter is
common for ontogenetic scaling.

For G. portentosa, N. cinerea and C. morosus, claw tip diameter
showed positive allometry, with scaling coefficients near 1/2,
consistent with the hypothesis that claws are designed to maintain
constant tip stress and avoid claw breakage (Labonte and Federle
2015). However, the assumption that the maximum force that claws
experience scales with mass may not be correct. Our data suggest that
maximum attachment force, at least under certain conditions, may be
determined by muscle force, i.e. forcecxmass®>. This would change the
expected allometry of claw tip diameter; maintaining constant claw tip
stress would only require mass®?/Dgr=constant, or Dcrocmass'’?,
identical to isometry. The observed positive allometry of claw tip
diameter in G. portentosa, N. cinerea and C. morosus speaks against
this prediction, and suggests that peak forces experienced by claw tips
scale with body mass rather than muscle force.

In marked contrast to that in the other three species, claw tip
diameter in 4. cephalotes showed negative allometry with a scaling
coefficient less than 1/3. This implies that large individuals will
experience higher stresses on claws and thus potentially a higher risk
of claw damage than small individuals. There are two possible ways
in which larger individuals could avoid claw breakage even with a
scaling coefficient of less than 1/3. Firstly, claws of larger individuals
could be made of progressively stronger materials than claws of
smaller individuals (Labonte and Federle, 2015). Secondly, if the
claws are relatively blunt, then even with a scaling coefficient <1/3,
claw tip stresses will never reach critical levels, even for the largest

individuals. For A. cephalotes, the latter hypothesis seems most
likely. Given that for individuals of comparable body mass, the claws
of A. cephalotes were blunter than those of the other three species,
pressure from the risk of claw breakage is relaxed.

Several studies on vertebrates have attempted to correlate
variability in claw morphology with ecology (Birn-Jeffery et al.,
2012; Crandell et al., 2014; Feduccia, 1993; Lautenschlager, 2014,
Pike and Maitland, 2004; Tulli et al., 2009, 2011; Zani, 2000);
however, only one study (in Anolis lizards) has examined claw
sharpness (Crandell et al., 2014). That study found no significant
correlation between claw sharpness and the lizards’ arboreal
lifestyle. However, the study used claw tip angle as a proxy for
claw sharpness, whereas there is some evidence from penetration-
based climbing experiments that claw tip diameter is a much better
predictor of attachment force (Provancher et al., 2005).

General implications and future directions

Animals with claws cover an extensive range of body masses. We
have shown that as body size increases, claw-based attachment
performance decreases as a result of mechanical constraints. Across
the animal kingdom, a size-based reduction in attachment
performance will have a considerable impact on how claws are
used for attachment.

This study focused on the intraspecific allometry of claw
sharpness. To improve our understanding of claw morphology
and function, future work should explore how claw sharpness varies
across species. Firstly, investigating interspecific allometry of claw
sharpness would reveal to what extent the scaling of claw sharpness
with body size is determined by phylogenetic constraints. Such
differences in scaling were found for adhesive pads, where scaling
was close to isometry within closely related groups but positively
allometric across larger taxonomic units (Labonte et al., 2016).
Secondly, comparative studies of claw sharpness, attachment
performance and ecology across multiple species would reveal the
effects of claw morphology on habitat/niche choice. Finally, a
complete picture of claw function will require understanding of how
other claw shape parameters interact with claw sharpness to
determine attachment performance.
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Figure S1. A & B: Safety factors versus mass and C & D: histograms of safety
factor for A. and C. Gromphadorhina portentosa (n = 103) and B. & D. Atta
cephalotes (n = 199) on the centrifuge. For A and B the dashed line indicates
separation between those individuals which gripped (circles) and slipped (crosses).
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