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Abstract

The cuticle exoskeleton plays a key role in facilitating the evolutionary success of insects. Since the mid of the last century,
many different biomechanical properties of exoskeletons have been investigated, always utilizing the most sophisticated
scientific methods available at the time. So far, information on the biomechanical properties of cuticle seems to be as diverse
as the methods used to measure them. As a consequence, insect cuticle is often considered to exhibit the most complex and
diverse biomechanical properties of any biological material. However, it remains unclear which role the respective measure-
ment methods and sample treatments used in previous studies play in supporting this claim. This review provides a broad
overview of examination techniques used to study biomechanical properties of insect exoskeletons and discusses their respec-
tive advantages and disadvantages in describing the properties of a complex material such as cuticle. Our meta-analysis of
the present data confirms significant effects of the respective measurement methods, sample treatments and body parts on
the obtained mechanical properties. Based on our findings, we highlight research gaps and point out important factors which
should be taken into account in future studies on insect cuticle.
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1 A complex material requires complex
analysis

After several decades with relatively slow progress in
understanding the biomechanics of insect cuticle [1-6], sig-
nificant advancements have been made in this field within
the past years [7]. This growing interest in cuticle is most
likely closely linked to two major factors: first, an increased
appreciation and awareness for inter- and cross-disciplinary
studies within research in organismal biology. These more
holistic scientific approaches combine the fields of (cuticle)
biomechanics with genetics, proteomics, material sciences,
engineering and computing science to investigate fundamen-
tal properties of a complex biological material. Second, a
growing access to affordable and yet powerful experimental
and analytical techniques allows ‘classic’ organismal biolo-
gists, in particular from zoology and entomology, to use
tools initially designed for mechanical testing to characterize
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biological materials. Easier access to improved high-resolu-
tion microscopy (e.g. X-ray microtomography, atomic force
microscopy, confocal laser scanning microscopy) allows a
more detailed insight into structure and geometry of com-
plex biological samples [8].

Consequently, scientists from all kinds of disciplines pub-
lish their findings on different cuticle properties from vari-
ous body parts across a variety of insect species, tested with
several mechanical setups. However, there are no widely
accepted ‘standards’ for biomechanical tests on insect cuticle
(as there are for many other medical or biological materials
such as bone, skin, wood, etc. [9—-18]) and existing standards
for nomenclature unfortunately differ between disciplines.
Therefore, with a raising number of studies on insect cuti-
cle, it becomes increasingly difficult to compare results, find
similarities and draw general conclusions even in this rela-
tively narrow scientific field.

A prominent feature of insect cuticle, stated in almost
any paper written on this topic, is the huge range and vari-
ability of biomechanical properties of this complex biologi-
cal composite material [1, 19-23]. Each new study seems
to add a data point increasing this range and raising new
questions. How can cuticle properties differ so strongly?
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Which role do different measurement techniques play in
characterizing insect cuticle? Is there a ‘gold standard’ to
study the biomechanical properties of cuticle? Also, cuticle
is often considered as a good example for bio-inspirationally
designed materials [24, 25]. However, what do we want to
learn from cuticle if we still cannot draw a clear picture of
its fundamental properties?

In this review, we first highlight and discuss several
experimental challenges when analysing insect cuticle. We
also summarize a representative selection of data (Tabl.1,
[20-22, 26-58]) published on the biomechanical proper-
ties of insect exoskeleton. We have structured the data with
respect to the experimental methods used to obtain the data
(e.g. cantilever bending, nanoindentation, tensile testing)
and statistically analysed if and how the choice of meth-
ods, insect species and body parts affects the results of the
selected studies.

Obviously, this review cannot be comprehensive with
respect to covering all values ever published on insect cuti-
cle. Instead, we want to raise awareness of possible method-
ological problems when studying the biomechanics of insect
cuticle, illustrate gaps in our knowledge and thus hopefully
help to increase future compatibility and comparability
between scientific studies and biomimetic projects working
on this fascinating material.

2 Structure of ‘the’insect exoskeleton
and cuticle

Arthropod cuticle is one of the world’s most common bio-
logical composite materials and one of the most evolutionary
successful forms of ‘outer body protection’ [59]. Based on
its outstanding evolutionary success and abundance in our
ecosystem, the structure and composition of insect cuticle
have been the biological inspiration for several biomimetic
studies: For example, composite structures inspired by cuti-
cle can increase strength in look-alike designed composite
laminate with pore-like holes [24]. The manufacturing of
paper-like waterproof and very high wet strength material
has been inspired by the tanning of the cuticle’s protein
matrix [25]. Several aspects of the insect exoskeleton and
its biomechanical properties have been studied to improve
micro-air vehicles and other robotic systems [60—63]. In par-
ticular, walking robots have been inspired by insect exoskel-
etons and cuticle. For example, structural data on cockroach
legs were used to manufacture insect-like legs from E-glass
and S-glass, which were capable of optimal grip in various
terrain [64, 65]. One can certainly argue that entomology is
an almost endless inspiration for biomimetics [66].
However, one of the first insights when studying arthro-
pod exoskeletons and cuticle and using them as a template
for bio-inspired solutions should be the fact that there is
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no such single thing as ‘the’ typical exoskeleton or cuticle.
Like most biological materials, various types of cuticle have
different origins, structure, function and chemical composi-
tion. In this study, within the group of Arthropod cuticles,
we focus on the exoskeletal cuticle of adult insects, which
already includes a huge variety of body parts with multiple
functions and properties. Just looking at exoskeletal parts
related to the insect wing illustrates this variety of biome-
chanical properties. Wing membranes for example need to
be thin, lightweight and flexible, yet in combination with
the veins they also add to the structural stability of a com-
plex insect wing [67]. The wings of Odonata have a material
Young’s modulus of 2.74 GPa [55]. Beetle elytra, however,
are used to protect the hind wings, but also need to be light-
weight and flexible [42]. In beetle elytra, a reduced Young’s
modulus of 6.17 GPa was measured [56]. Compared to the
elytra, the Odonata wings Young’s modulus is surprisingly
low and may be more fitting for a highly flexible structure.
Taking an even closer look at the wings, the wing veins are
stiffer than the membrane to stop crack propagation. Here
the mixture of a stiffer and a softer material (vein, mem-
brane) and its respective function form a complex strong
relationship [49, 68].

Insect wings are obviously only one of many examples
for this versatility and multifunctionality of cuticle. Com-
pound eyes of insects require excellent optical properties
and transparency, while also providing sufficient physical
protection and durability [69]. Some insect mandibles used
for cutting plant material have highly sophisticated surface
structures and are even reinforced with zinc and manganese
[70]. As we will discuss in detail later, these selected exam-
ples already illustrate that the structure of the body part and
thus the corresponding cuticle most likely plays an important
role as it influences equally the function and mechanical
properties. As osteologists will not just refer to ’bone’ and
carpenters will not just use wood’, the biomechanics com-
munity should be careful in generalizing ’cuticle’.

2.1 Structure or material constant?

To report geometry-independent material constants of a
structure such as an exoskeleton, it is important to be aware
of both the mechanical behaviour (such as stress—strain
relation) and the geometric features of the tested sample
(such as cross section and second moment of area). It is
relatively straightforward to measure forces and deflection in
an experimental setup. However, it is much more challeng-
ing to characterize the correct geometry factor of a complex
exoskeletal structure. As a consequence, many studies on
insect cuticle (in particular from the pre-microCT age) have
primarily focused on measuring and reporting structural
features of exoskeletal parts only [71]. It is important to
note that these studies are not representative for cuticle as
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biological material. Instead, these reports characterize fea-
tures of a respective body part at a given load from a particu-
lar direction in high detail. The measured properties describe
the structural behaviour and not the material properties of
which the investigated structure is build. In particular for
insect wings, where the geometric parameters of the com-
plex vein and membrane structures are difficult to measure,
values for a ‘bending stiffness’ are commonly reported [28,
29, 34, 52]. In these studies, wings or sections of wings
were often deflected and ‘bending stiffness’ was calcu-
lated using Hooke’s law. When examining data published
on insect cuticle biomechanics, it needs to be stressed how
important it is not to mix these values reported in Nm~! with
measurements of actual ‘flexural stiffness’, which are usu-
ally reported in Nm™2, The latter takes the whole structure
into account, while ‘bending stiffness’ in Nm™' describes
the force required to move the structure for a certain length.
However, in the right context, these measurements of struc-
tural characteristics of insect body parts do have their value
for biologists or biomimetics researchers. A material value
obtained through suitable mechanical measurements pro-
vides information about cuticle as a material only, disre-
garding its biological function. Thus, a Young’s modulus
reported without any further context can be ’surprisingly
low’ for a material. If used in a specific morphology, how-
ever, a low Young’s modulus can result in completely differ-
ent biological conclusions [72, 73]. Discussing a structural
value (material and morphology) of an entire exoskeleton
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body part, however, provides comprehensive information
about the biomechanical in situ behaviour of a complex and
multifunctional structure. Therefore, reporting structural val-
ues can be of particular interest for wings, joints and other
dynamic and highly complex skeletal elements.

As a consequence, reporting flexural stiffness for insect
cuticle samples without sufficient context has rather limited
scientific value. Considering the increasing availability of
non-destructive methods to characterize a sample’s geome-
try at high precision (such as X-ray microtomography), great
care should be taken to only report structural parameters
when this approach is clearly justified and no better experi-
mental option is available.

Interestingly, our literature survey shows that there is
almost no comprehensive data set for structural and material
values of the same body part in the same insect species avail-
able. Our analysis showed that certain taxonomic groups
are investigated way more frequently regarding either their
material or their structural properties (Fig. 1).

2.2 Young's modulus as a measure of cuticle
properties?

The Young’s modulus or elastic modulus (E) provides
information about the stress—strain relationship as a geom-
etry-independent material constant. Knowing the Young’s
modulus of a biological material and linking it to other bio-
mechanical properties may lead to a better understanding

Structure information

41

34

cantilever bending
nanoindentation

tensile testing

uniaxial compression
vibrational testing
Vickers hardness testing

100 0 25 50 75 100

Quantity cuticle property values

Fig. 1 Distribution of information on *material’ and ’structure’ prop-
erties of insect cuticle in different taxonomic groups. This figure
shows that within the data set of this study insect taxonomic groups
seem to be mostly investigated regarding either their structural or
their material properties. For only four taxonomic groups, both mate-
rial and structural information is available (Blattodea, Hymenoptera,
Lepidoptera, Odonata). Furthermore, the analysis of the present data
shows that cantilever bending and nanoindentation often seems to be
the methods of choice to investigate insect cuticle properties. Bars

represent absolute number of data points in our data set of publica-
tions. Numbers behind the taxonomic groups indicate total number of
data points, numbers in the bars show data points obtained with the
respective method. The colours indicate the used method: cantilever
bending (turquoise), nanoindentation (green), tensile testing (purple),
uniaxial compression (red), vibrational testing (blue) and Vickers
hardness testing (orange). The complete data set of this study is avail-
able as suppl. material
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of structure—function correlations [45]. Labonte et al. [74],
for example, pointed out that in insect mandibles material
properties of the elastic modulus and the indentation hard-
ness are linked. The indentation hardness of cuticle can thus
be seen as a ‘hybrid property’ to quantify material reversible
and irreversible deformation.

One of the main challenges in reporting Young’s moduli
of a hierarchically organized, anisotropic composite mate-
rial is that a specific modulus is only applicable in the linear
elasticity region of a uniaxial deformation curve. These fea-
tures are obviously difficult to find in complex stress—strain
curves from biological samples, in particular insect cuticle
[3]. Thus, reporting Young’s moduli for insect cuticle should
ideally include a precise description of the sample orien-
tation, sample ultrastructure and the applied stresses (e.g.
speed of deflection, direction of applied stress).

The reported range of elastic modulus in unspeci-
fied ‘cuticle samples’ covers several orders of magnitude
[23]. Our analysis confirms that values of Young’s moduli
reported for sclerotized insect cuticle samples using a variety
of methods are in a range from 1.2 MPa to 10.9 GPa (Fig. 2).
The smallest value was measured using nanoindentation on a
fresh tarsal setae sample of a Coccinella septempuncta [47].
These cuticular structures are used for attachment during
locomotion and require a complex combination of rather
compliant material properties to closely make contact to any
surface. The highest Young’s modulus was also measured
using nanoindentation; however on a dry sternal plate of
locust, a structure providing physical protection of the insect

Fig.2 Effect of measurement
technique on Young’s moduli
(GPa) of insect cuticle. This
data illustrates the high diver-
sity of insect cuticle as well as
the range of cuticle within a
taxonomic group. Five differ-
ent measurement techniques
were used to obtain the elastic
moduli: cantilever bending
(turquoise), nanoindentation
(green), tensile testing (purple),
uniaxial compression (red) and 3

vibrational testing (blue). A <>

square indicates a sample size

less than five, a dot indicates 1.00 o
outliers. Sample treatment and
body parts were summarized

to their taxonomic group. As
the Young’s moduli range over
several orders of magnitude

the plot is separated into two
subplots. Boxplots show median
and quartiles following McGill
et al. (1978) [102].
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[46]. These findings highlight not only the possible measure-
ment range of nanoindentation as well as the importance of
sample condition and examined body part.

Besides ’classic’ mechanical tests to obtain values for
the Young’s modulus, Eshghi et al. [75] recently developed
a qualitative non-destructive, unique method to estimate the
elastic modulus of cuticle by linking mechanical properties
to the autofluorescence of cuticle material components (e.g.
resilin dominated cuticle, less-sclerotized cuticle and highly
sclerotized cuticle). This method can be valuable consider-
ing material gradients within a structure and can help to
visualize and analyse these functions and material proper-
ties by detecting locations of different types of cuticle [72].

Regardless of the measurement technique, it is impor-
tant to emphasize the often complex interactions between
Young’s modulus and other biomechanical parameters, such
as strength, fracture toughness and hardness. Reporting the
Young’s modulus of cuticle alone only tells a very small part
of the overall story and drawing biological or biomechanical
conclusions from this ’cuticle material constant’ should be
well justified.

3 Effect of measurement techniques

Although in theory obtaining characteristic material proper-
ties should be independent from the respective method, the
experimental reality will result in notable technique-depend-
ent variation. To investigate and illustrate the possible effect

E nanoindentation E uniaxial compression

E cantilever bending E tensile testing E vibrational testing

-

o

Hymenoptera Lepidoptera Odonata Orthoptera Phasmida
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of measurement technique on Young’s modulus, we statis-
tically analysed our data with respect to the effect of the
experimental methods (all analyses performed using R Stu-
dio [76]). If the geometry-independent Young’s modulus
would be the same across all types of cuticle, independent of
any other factor, there should be no significant effect across
our Young’s modulus data set.

For our analysis, we split the obtained data into five
groups of measurement techniques (cantilever bending,
nanoindentation, tensile testing, uniaxial compression, vibra-
tion testing). Since Young’s modulus deviates from normal
distribution (Shapiro—Wilk test, W=0.961, p <0.001), we
used a nonparametric Kruskal-Wallis test. Our results show
a clear significant effect of the measurement technique on
the reported values for Young’s modulus of insect cuticle
(% (4)=9.723, p <0.05)). In addition, this result also statis-
tically supports the fact that there is no such thing as ’the’
Young’s modulus for insect cuticle.

More detailed data on measurement direction, sample
treatment and growth condition could explain additional
variations between the measured material properties in
one particular body part. For flexural stiffness and bend-
ing stiffness of cuticle, only very little data are available
and thus the results should be treated with caution. Given
the sparsely available data, a further statistical analysis (for
example including a multi-factor model) would be possible,
however not meaningful.

4 Effect of sample treatment

Apart from material composition and microstructure, the
age of the samples and growth conditions can strongly influ-
ence cuticle properties [23, 77]. Several recent studies have
clearly shown that, as with most biological materials, cuticle
samples are very sensitive to test conditions, in particular the
water content and chemical treatment (tanned, dry, fresh,
rehydrated, etc.) [20, 46, 48, 74, 78, 79].

To investigate the possible effect of sample treatment on
Young’s modulus and flexural stiffness across all measure-
ment techniques, we split our data into nine groups of sample
treatment (chemical, dry, dry-chemical, fresh, fresh-chemi-
cal, frozen, hydrated, medium, mixed). ‘Chemical’ sample
treatment indicated the use of any chemical on the sample
which is not rehydrating the sample; ‘mixed’ describes the
usage of multiple sample treatments for which only one
value was reported. In ‘fresh’ samples, measurements were
taken within 45 min after dissection; ‘medium’ samples
were measured between 45 and 60 min. ‘Dry’ samples were
measured more than 60 min after dissection or desiccated
on purpose. Our analysis showed that both Young’s modu-
lus and flexural stiffness are significantly affected by the
sample treatment (y° (8) =44.964, p <0.001; y* (3)=69.679,

p <0.001; Kruskal-Wallis test). This result again is not par-
ticularly surprising, as for several examples, such as locust
hind leg tibiae, it has been shown that desiccation signifi-
cantly increases the Young’s modulus and bending strength
while decreasing the fracture toughness [48]. Thus, in each
sample the possible function, shape, water content and addi-
tional treatment should be considered during any investi-
gation. This is of particular importance for measurement
techniques such as nanoindentation, which often requires an
elaborate sample pre-treatment (embedding, polishing, etc.).

5 Differences between body parts
and taxonomic groups

As stated above, mechanical properties and sample geometry
need to be analysed together as they show complex interac-
tion [5, 6, 9, 23, 45, 80, 81]. However, even when only mate-
rial values are reported, variations within one single body
part across different species can be observed, especially if
the cuticle is reinforced with minerals (Zn, Mn or Fe) to
increase hardness and resistance to wear [82].

As already summarized in Li et al. [22], the elastic moduli
for insect hind tibiae ranged from 1.3 to 9 GPa. Regarding
only data from one species (Schistocerca gregaria) and the
same body part (hind leg tibia), the data still varied between
3and 9 GPa[1, 20, 22, 31, 45, 77]. The lower elastic modu-
lus was measured by compression and by using a fresh tibia
[20]. On the other hand, the highest value (9 GPa) was also
measured by compression but using a dry tibia [1]. Other
elastic moduli of locust hindleg tibia within this range was
measured in dry or fresh state by using nanoindentation,
compression and bending test [1, 20, 22].

Indeed, our statistical analysis shows a significant effect
of the tested body part on the obtained values for Young’s
modulus (y* (13)=63.027, p <0.001) and flexural stiffness
(r* (10)=75.483, p<0.001) (Fig. 3).

Properties of unidirectional composite materials at one
point within a specimen are not necessarily the same in
every direction [23, 83]. Unidirectional layers can influ-
ence material properties in more than one stress direction,
and thus, the direction of measurement very often signifi-
cantly affects the measured mechanical properties [84].
Hence, within one body part the direction of measurement
can cause a huge variety in the measured results. Materials
with an inner, more compliant layer and an outer layer—
such as cuticle—show a different deformation behaviour
before material failure due to an increase of elastic energy
storage depending on the measurement direction [23, 85].
The outer layer will be compressed while the inner layer is
under tension when a beam load is applied from the direc-
tion of the outer layer. Thus, for a given body part, canti-
lever bending results might show other aspects of material
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Fig. 3 Flexural stiffness (Nm™)
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behaviour than for example nanoindentation, where the
technique might be penetrating only one layer at a time.
In nanoindentation, the samples general shape is not influ-
encing the measurement and it is possible to measure in
such detail that the body part’s fibre alignment may have
already a notable impact on the results.

Even though a variety of different insect taxonomic
groups were already investigated, it is unfortunately very
rare that a single species is investigated using differ-
ent methods. Only four out of eleven taxonomic groups
were investigated regarding both structural and material
properties of cuticle (Blattodea, Hymenoptera, Lepi-
doptera, Odonata, see Fig. 1). Here, cantilever bending
is frequently used to determine material and structural
cuticle properties. Our statistical analysis shows a sig-
nificant effect of taxonomic group on Young’s modu-
lus (4% (6)=26.369, p<0.001) and flexural stiffness
(7% (6)=91.868, p <0.001). Although given the relatively
small sample size, all statistical results need to be treated
with great caution. Nonetheless, together these findings
highlight once again the importance of specimen condi-
tion, test method, sample orientation and body part.

In addition, several studies indicate that cuticle might not
necessarily be a ‘static’ material. Like many other biological
materials, cuticle could react to external stimuli on different
time scales. Short-term viscoelastic responses of cuticle to
mechanical loads have been reported in various studies [3,
86, 87] and have not yet received systematic attention. Reyn-
olds for example stated that cuticle may be reinforced by
chitin microfibrils shortly after imposition of strain [3]. This
might lead to the assumption that measured high moduli
could be ’short-term’ behaviour of the material or structure,
and cuticle may behave differently under long-time imposed
stress [88]. This goes along with results of Dirks et al. [89],
where fatigue tests have shown different failure reactions of
locust wings and legs [89].
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In several insect species, it has also been shown that in the
first days and weeks post-molt the insects deposit additional
layers cuticle [90, 91]. This cuticle deposition is assumed
to reinforce the exoskeleton [88]. As stated by Parle et al.
[88], it would therefore be important to determine the cuti-
cle deposition rate and possible related change in material
properties. Also, if and how cuticle can react to mechani-
cal stress—especially during its deposition time- remains
unknown. If this holds true, it would introduce and require
’environmental mechanical stress’ as an entirely new factor
when characterising insect cuticle.

6 Conclusion

Alike studies on all complex biological materials, biome-
chanical measurements on insect cuticle are a challenging
interdisciplinary task. Our meta-analysis quite clearly shows
that there is a lack of comprehensive studies on insect cuti-
cle, in which microstructure, sclerotization level and mate-
rial properties are simultaneously investigated [47, 53, 92,
93]. The few more ’comprehensive’ studies were often con-
ducted on different insect’s body parts with various sizes,
ages, sexes, life histories, nutritional needs and environmen-
tal conditions [31, 37, 94, 95].

By highlighting all these aspects in this review, we want
topoint out remaining open, fundamental questions regard-
ing insect cuticle. These questions include the complex inter-
action of chitin fibres within the protein matrix, their effect
on mechanical properties and the insect’s ability to control
these mechanisms (on a micrometre level and to build gradi-
ents within the material) [74, 96-98]. Another area of future
research should be the mechanistic basis for the influence
of hydration on toughness, Young’s modulus and hardness
[74]. In addition, several *basic mechanical properties’ of
insect cuticle such as plasticity, yield, wear and fatigue prop-
erties remain mostly unknown [99-101]. Along with insect’s
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ontogenesis, developmental stage (including the age), effects
of environmental conditions (such as higher mechanical
stress) and degree of sclerotization, these factors may play
an important role as well.

Studies focusing on these questions may lead to advanced
knowledge about range of cuticle mechanical properties and
thus to a better understanding of function—properties—cor-
relations and developmental and evolutionary biology of
insects. We believe that when approaching these questions
and characterising insect cuticle exoskeletons in particular,
the following points should be considered in future studies:

e As with almost all biological materials, sample treatment
can strongly affect all kinds of mechanical properties of
cuticle. Several methods also require a specific sample
treatment, which again can inevitably affect the prop-
erties of cuticle. The conditions of the cuticle sample
(degree of hydration, chemical treatment, etc.) need to be
monitored, documented and clearly stated for all meas-
urements.

e As with all complex composite materials, the choice of
measurement method can strongly affect the measured
properties of cuticle. The chosen method to characterise
the cuticle samples needs to be justified and its advan-
tages and disadvantages need to be clearly discussed.
Unfortunately, to our knowledge, there is no sufficient
suitable comparable data set available within the scien-
tific literature to evaluate the influence of method and
sample treatment on cuticle in more detail.

e Particularly when analysing cuticle exoskeletons, it is
important to clearly differentiate between material and
structural properties and use neither of these values with-
out biological context. Material and structural properties
are depended on the method (and sample analysis) and
provide different information about the sample. Meaning-
ful property—function conclusions in cuticle exoskeletons
can only be drawn when this issue is clearly addressed.

Insects are without doubt a fascinating and diverse taxon
with the largest number of species. They go through mul-
tiple conecutive life stages as eggs, larvae, nymphs and
adults, which often are facing very different environments.
These different requirements are likely to involve various
different cuticle ’configurations’ and corresponding mate-
rial properties. In contrast, researchers working in insect
biomechanics are a very small scientific community. It is
a certainly impossible task for this scientific community to
try to comprehensively characterize a meaningful number
of insect species to get a clear picture. Our literature survey
indeed illustrates that there are very few comparative data
available on cuticle samples from either multiple measure-
ment sites of a single species, similar body parts of differ-
ent species or even comparable experimental techniques. It

might be tempting (and academically rewarding) to study
cuticle in a particular interesting, rare species of insects.
However, to contribute towards the general understanding
of insect cuticle biomechanics, our community should try to
focus our studies more often on several key species instead.
Painting a broader picture and pointing out specific features
within this fascinating and diverse group of animals is only
scientifically meaningful if we first understand the general
principles of insect cuticle.
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