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ABSTRACT

Nature’s masterfully synthesized biological materials take on greater relevance when viewed through the
perspective of evolutionary abundance. The fact that beetles (order Coleoptera) account for a quarter of all
extant lifeforms on Earth, makes them prime exponents of evolutionary success. In fact, their forewings
are acknowledged as key traits to their radiative-adaptive success, which makes the beetle elytra a model
structure for next-generation bioinspired synthetic materials. In this work, the multiscale morphological
and mechanical characteristics of a variety of beetle species from the Cetoniinae subfamily are investi-
gated with the aim of unraveling the underlying principles behind Nature’s adaptation of the elytral bau-
plan to differences in body weight spanning three orders of magnitude. Commensurate with the integral
implications of size variation in organisms, a combined material, morphological, and mechanical char-
acterization framework, across spatial scales, was pursued. The investigation revealed the simultaneous
presence of size-invariant strategies (chemical compositions, layered-fibrous architectures, graded mo-
tifs) as well as size-dependent features (scaling of elytral layers and characteristic dimensions of building
blocks), synergistically combined to achieve similar levels of biomechanical functionality (stiffness, en-
ergy absorption, strength, deformation and toughening mechanisms) in response to developmental and
selection constraints. The integral approach here presented seeks to shed light on Nature’s solution to the
problem of size variation, which underpins the diversity of beetles and the living world.

Statement of significance

The ability of Nature to adapt common structural motifs and leverage a limited pool of ma-
terials to respond to evolutionary pressures is unparalleled. Beetles, in particular, embody the
finest expressions of Nature's deftness, as evinced by their pervasiveness and the richness of
their diversity. Here, material, structural and mechanical characteristics of the elytra of four
different species of Cetoniinae beetles are compared to elucidate the natural strategies guiding
adaptations to body size. Commensurate with the integral implications of body size on func-
tionality, a variety of multimodal and multiscale characterization methods are used, revealing
the presence of size-invariant and size-dependent features. As such, this work seeks to estab-
lish a roadmap for future systematic, comparative analyses of beetle biomechanics, scaling and
phylogenetics.

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

forms) interspersed across most regions of the globe, and dis-
playing a myriad of remarkable features that have enthralled hu-

Coleoptera, the distinct order of insects comprised by bee-
tles, embodies the quintessential evolutionary success, totaling
more than 350,000 identified species (i.e., 25% of all animal life-
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mans since the days of Ancient Egypt. The diversity and success
of the Coleoptera order are demonstrated by the sheer numbers
of their taxonomic classification, which to date establishes four
Suborders, each one further subdivided into Series, Superfamilies,
Families, and Species (Polyphaga: 5 Series, 16 Superfamilies, 144
Families, 350,000 Species; Adephaga: 10 Families, 40,000 Species,
Archeostomata: 5 Families, 50 Species and Myxophaga: 1 Series, 2
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Fig. 1. a) Confocal laser microscopy images of longitudinal cross section of the elytra of Goliathus orientalis (i-ii, Scale: 100 pm), with detailed views of the trabeculae (iii,
Scale: 20 um), and dorsal cuticle with major layers identified (iv, Scale: 30 um). b) Helicoidal and pseudo-orthogonal arrangement of chitin micro- and macrofibers in the
exocuticle (i-ii) and endocuticle (iii-iv), respectively. c) Male adult Cetoniinae beetles, from left to right: Valgus hemipterus (Courtesy of ©entomart), Cetonia aurata pisana
(Courtesy of F. Vitali, CC-BY-NC), Jumnos ruckeri (Courtesy of T. Vrdna) and Goliathus orientalis (Courtesy of P. Malec). All figures in c) were obtained with written permission

from owners.

Superfamilies, 4 Families, 65 Species) [1,2]. Though a matter of
debate [3], the remarkable radiative-adaptive success of beetles is
generally ascribed to the rise of angiosperms (i.e., Angiospermae,
flowering plants) ca. 140 Mya. [4] and to the evolution of modified,
hardened forewings exclusive to beetles, the Elytra, which facili-
tated access to novel ecological niches under new environmental
pressures [5]. The remarkableness of beetle elytra rests primarily
on its multifunctional character, involving chemical, physical and
mechanical characteristics that give rise to a plethora of adapta-
tions that facilitate predatory protection, thermal insulation [6],
hydration and nourishment [7], locomotion [8] and reproduction
[9].
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From a material and mechanical perspective, the elytra ex-
emplify Nature’s unparalleled ability to design natural composite
structures from a limited pool of constituents with excellent func-
tional mechanical properties (e.g., high stiffness and toughness,
low weight). The elytra exhibit a layered structure conventionally
separated into four major regions (Fig. 1a, i-iv): Epicuticle, Exocu-
ticle, Endocuticle and Hemolymph Space (HS). The latter separates
the dorsal and ventral cuticles, a by-product of the epithelial fold-
ing of the larval thorax during development, which are bridged by
columns of connective tissue known as trabeculae [10]. The outer-
most layer, the epicuticle, is typically 1-2 um thick, carries lesser
mechanical value and is primarily associated to sensorial functions.
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The exocuticle exhibits a fibrillar mesh of chitin crystallites and
protein (diameter dex,) arranged in a helicoidal fashion (i.e., Bouli-
gand structure, Fig. 1b, i-ii) with variable pitch (pexo, length for a
rotation of ), pitch angles (exo, twist angle between successive
plies within one helicoid), which confers the structure with pierc-
ing resistance and toughness [10,11]. Next, the endocuticle exhibits
a plywood-like structure where parallel chitinous macrofibrils, of
diameter d,,q,, are stacked following a characteristic pitch (pepgo.
length for a rotation of ) to form thicker layers or plies (Fig. 1b,
iii-iv) rotated with respect to successive layers by an angle ¥ ;40
[11], responsible for the overall elytral stiffness. While the broad
repertoire of elytral adaptations and the exquisite multiscale mate-
rial architecture elicit the idea of evolutionary design, insight into
the way these structures vary from one species to another, and
how the generic bauplan (i.e., the generalized structural body plan)
is fine-tuned to cope with the particulars of each species, remains
scarce.

In an attempt to address this gap, we investigated the elytra
of four species of beetles belonging to the same taxonomical sub-
family (Cetoniinae, ca. 40,000 species), but primarily differentiated
by macroscopic size, with the objective of shedding light on the
elytral adaptations to changes in body size and its implications on
the overall mechanical performance of these structures. In particu-
lar, male adult specimens from the species Valgus hemipterus (Lin-
naeus, 1758), Cetonia aurata pisana (Linnaeus, 1761), Jumnos ruck-
eri (Saunders, 1839) and Goliathus orientalis (Moser, 1909) were se-
lected on the basis of their genetic similarity and their markedly
distinct adult body sizes (Fig. 1c), which encompass three orders
of magnitude in body weight. Cetoniinae beetles, or flower chafers
due to their preference for plants, tree sap and fruits, are profi-
cient diurnal flyers and distributed worldwide with Cetonia aurata
pisana and Valgus hemipterus primarily in the Palearctic and Nearc-
tic ecozones, Jumnos ruckeri in the Indomalaya ecozone, and Go-
liathus orientalis localized in the Afrotropic savannah. Aiming at es-
tablishing comparative relationships between species, we first de-
scribe the characterization of macro-, micro- and nanostructural
morphologies and compositions of their elytra, via a combination
of multiscale microscopy and spectroscopy techniques. Next, we
outline the measurement of the anisotropic elastic properties of
chitin nanofibers, via atomic force microscopy indentation, and an-
alyze and compare the overall mechanical performance of the ely-
tra, by means of in situ SEM beam bending testing. By integrating
the identified morphological and fiber properties, using composite
beam theory, we examine the role of size and body weight on the
elytra flexural stiffness, failure stress, energy dissipation, and fail-
ure mechanics. We close with a discussion of the elytral bauplan
size-invariant and size-variant strategies and the utility of the in-
troduced multiscale methodology in future systematic and compre-
hensive comparative studies of beetle biomechanics, scaling, and
phylogenetics.

2. Materials and methods
2.1. Beetle collection and sample preparation

Male, adult specimens of Valgus hemipterus, Cetonia aurata
pisana, Jumnos ruckeri and Goliathus orientalis beetles were pur-
chased air-dried from BioQuip Inc. (Compton, CA). Upon arrival,
samples were inspected for characteristic features (e.g., body
shape, coloration features), and subsequent macroscopic and mi-
croscopic measurements of body and elytral sizes were contrasted
to existing literature for additional validation. Removed elytra were
placed in silicon molds in EMbed-812 resin (Electron Microscopy
Science, Hatfield, PA), and polymerized at 65°C for 48 hours. Sub-
sequently, longitudinal sections from the embedded samples were
cut using a diamond blade on a Tech Cut 5 saw with dicing acces-
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sory (Allied High Tech Products Inc., Rancho Dominguez, CA). For
characterization studies (SEM-EDS, AFM), samples were mounted
on SEM stubs and thin slices of 50 nm thickness cut using an
Ultracut-S ultramicrotome (Leica Biosystems Nussloch GmbH) with
a diamond knife (DiATOME, Hartfield, PA) to ensure a surface
roughness below 5 nm. In the case of AFM nanoindentation, the
sample thickness was maintained above3 mm, to avoid substrate
effects. For bending tests, whole elytra samples were first attached
from one longitudinal side to a substrate using hydrosoluble adher-
ent wax. Longitudinal rectangular beams were then excised from
the other side of the samples using a low-concentration, diamond
metal bond wafering blade on the Tech Cut 5 saw with dicing ac-
cessory. All samples used were in dehydrated state.

2.2. Confocal laser scanning microscopy (CLSM) and atomic force
microscopy (AFM)

An Olympus LEXT OLS5000 laser confocal scanning microscope
(Olympus Corporation, Japan) was used to image the elytral sec-
tions. AFM imaging and mechanical tests were conducted using a
Park Systems XE-120 AFM (Park Systems, Santa Clara, CA). Biotool
high resolution gp-BioAC/Quartz cantilevers with a 2 nm defined
conical tip (60 w m length, 0.1 N/m spring constant, 50 kHz
nominal resonance frequency; Nanotools USA LLC, Henderson, NV),
and super-sharp standard Force Modulation Mode Reflex Coating
cantilevers with diamond-like carbon nanotip of radius 2 — 3nm
(2.8 N/m spring constant, 75 kHz nominal resonance frequency;
Nanotools USA LLC, Henderson, NV) were used for imaging. For in-
dentation measurements, Non-Contact High Resonance cantilevers
with integrated spherical tip of radius 50 nm (40 N/m spring con-
stant, Nanotools USA LLC, Henderson, NV) were used. Indentation
rates of 0.1 um/s were used with maximum indentation depths of
30 nm. All AFM measurements were performed in ambient temper-
ature (20 — 25°C). Prior to each indentation test, the precise spring
constant of the cantilever was calibrated with the thermal noise
fluctuations in air [12,13].

AFM characterization of the helicoidal structure and anisotropic
properties of nanofibers in the exocuticle followed the original
methodology presented by Espinosa and co-workers [14]. One bee-
tle per species was imaged and indented. Three nanoindentations
per point were made, and ten points per pitch were examined. The
inherent viscoelasticity of biological materials was not considered
in the present work and their incorporation is left for future work.

2.3. Scanning electron microscopy (SEM) and macro- microstructural
features measurements

SEM imaging of longitudinal cross sections was performed us-
ing a FEI Nova NanoSEM 600 (FEI Co., Hillsboro, OR, USA) to mea-
sure the thickness of the elytra and the elytral sublayers, and verify
the structural features obtained via CLSM and AFM. Excised sec-
tions were adhered on aluminum stubs using double-sided con-
ductive carbon tape, and coated with a 6 nm thick Osmium layer.

Elytra and elytral sublayers thicknesses were measured in two
different beetles for each species, each one measured in at least
10 segments. The thicknesses of each layer were later averaged to
reduce them to a single point, representative to the species, for the
power-law relationships derived.

2.4. Energy dispersive spectroscopy (EDS) and Fourier transform
spectroscopy (FTIR)

EDS maps were acquired during 10 — 15 min using an Oxford
Aztec X-max 80 SDD detector within a cold source field-emission
Hitachi SU8030 SEM operated at 20 kV accelerator voltage (Hi-
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tachi Ltd., Japan). EDS characterization was done on one beetle per
species.

Attenuated total reflection Fourier Transform Spectroscopy was
performed on uncoated polished cross sections of Goliathus Orien-
talis using a Bruker Lumos FTIR Microscope (Bruker Corporation,
Billerica, MA, USA). Peak identification was performed using MAT-
LAB R2016b (MathWorks, Natick, MA, USA).

2.5. In situ SEM three-point bending test

The behavior of elytra in the small deformations regime un-
der three-point bending was tested using a commercial Alem-
nis nanomechanical testing platform (Alemnis GmbH). Rectangu-
lar beams of 10 mm in length (L), 2 mm in width and thickness (t,
dictated by elytral thickness) were cut according to the ASTM D790
standard and glued to a 3D printed fixture. Tests were performed
under displacement control, achieved by the piezoelectric (PZT) ac-
tuators within the loading head, at a nominal speed of 0.1 um/s
with a wedge-shaped diamond punch. A displacement sensor lo-
cated on the loading head measured the resulting enforced dis-
placement (1 nm Root Mean Square, RMS, noise at 200 Hz), and a
load sensor underneath the sample holder was employed to mea-
sure the load (4 uN RMS noise at 200 Hz). The applied strains
were determined after correction for thermal drift and machine
compliance. The tests were conducted inside an FEI Nova NanoSEM
600 (FEI Co., Hillsboro, OR, USA).

The large deformation regime up to failure was studied us-
ing a micro-mechanical testing platform (Ernest F. Fullam, Inc.,
Latham, NY), allowing for greater displacement. The tests were
displacement-controlled at constant quasi-static loading rates, and
during each test, the loading sequence was paused at the onset
of signatures in the force-displacement measurements. Such signa-
tures were interpreted as indicative of significant microstructural
changes in the samples. In each pause, the beams were examined
in high magnification mode to identify, monitor, and track dam-
age initiation and propagation. All tests were video recorded (Sup-
plementary Videos 1-3). The larger-size nature of Goliathus orien-
talis samples entailed obvious advantages from a visualization and
feature-identification perspective. For this reason, and due to the
fact that the majority of mechanisms observed in Goliathus orien-
talis were also observed in the other species, Goliathus orientalis
is discussed in detail. Conversely, difficulties stemming from the
intrinsic small size of Valgus Hemipterus made it impossible to ex-
plore its response both in the small and large deformations regime.
Two samples for each beetle species were tested (one in the small
deformation regime and one in the large deformation regime).

2.6. Statistical analysis

Ordinary Least Squares regressions were used to fit the arith-
metic mean body weight and arithmetic mean thicknesses of the
elytral layers correlation. Two-sided standard deviation errors bars
are used to illustrate variability in body mass and layer thickness
in each data point. Arithmetic means and standard deviations were
used to characterize pitch length, fiber diameter and elastic con-
stants from AFM imaging and nanoindentation measurements, as
well as bending stiffnesses. The statistical distributions of fiber di-
ameters for all species were fitted from histograms with a bin size
of 20 and a beta distribution.

3. Results
3.1. Macro- and micro-morphological features

The taxonomical proximity of the selected beetles, enforced by
design in this study, entails a set of shared morphological traits,
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but also allows for sharp differences in bulk morphology and ap-
pearance, where macroscopic size constitutes the most prominent
one from a biomechanical point of view. On the commonality side,
these species typically exhibit stout and flattened bodies, distinc-
tive lamellate (fan shaped, lobed) antennae with their insertion
visible from above, exposed pygidium (i.e., dorsal tergite of last
external abdominal segment), unforked and equally sized tarsal
claws, and no horns, with the exception of Goliathus orientalis [15].
Among the macroscopic distinctions, Goliath beetles are character-
istically patterned with sharply contrasting black and white stripes,
while Valgus beetles merely show black or dark brown scales. In-
terestingly, unlike the aforementioned species, both Cetonia aurata
pisana and Jumnos ruckeri beetles exhibit structural coloration, ev-
idenced by their distinctive spotted metallic green color, indicative
of dedicated microstructural photonic features within the epicuti-
cle.

Most strikingly, these beetles encompass a wide range of body
sizes and weights, that can reach up to one and three orders
of magnitude differences, respectively, from the smallest to the
largest species (Fig. 2a,b). Macroscopically, body sizes and weights
follow similar trends as the respective elytral sizes and weights
(Fig. 2b), which underscores the central role these hard exoskele-
tons play in the survival of these insects and supports the use of
body weight as a representative measure of size. Leveraging on
the concept of evolutionary allometry (biological scaling), which
explores size-scaling relationships across species, the elytral thick-
nesses and the thicknesses of the exocuticle and endocuticle were
measured and related to the body weight (W) of each beetle
species. Interestingly, when the aforementioned variables across
the four beetle species are compared, they reveal underlying power
law relationships of the type y « W, where y stands for a struc-
tural dimension of relevance. These type of allometric laws are
common in size-scaling approaches to biomechanical features, as
it is well known that isometric scaling (k = 1) of support elements
(e.g., bones) leads to untenable structures prone to structural fail-
ure (e.g., collapse, buckling, etc.) [16]. Our results appear to suggest
negative allometric scaling for all variables (k < 1), meaning faster
growth of the allometric organ as compared to weight. In partic-
ular, elytral thickness and exocuticle thickness present similar al-
lometric scaling exponents (k=0.30, R?=0.82 and k=0.25, R?=0.91,
respectively), both higher than the corresponding exponent found
for the endocuticle (k=0.14, R2=0.85).

3.2. Microstructural features and hierarchical functional gradients

Topographic imaging of the elytra of the four beetle species,
via ultra-fine atomic force microscopy, reveals the existence of re-
peating patterns indicative of the periodic Bouligand structure and
the following, alternating Plywood-like arrangement of fiber bun-
dles or macro-fibers (Fig. 3a,b). The Bouligand structure is detected
by the characteristic striated texture (Fig. 3b), highlighting the suc-
cessive completions of helicoidal pitches along the thickness. High-
resolution imaging also evidences the presence of dimensional gra-
dients in the pitch size (pexo) of the helicoidal composite, with the
pitch increasing in the exocuticle to endocuticle transition region
(Fig. 3b). Conversely, the endocuticles of the four beetles present a
characteristic pseudo-orthogonal or cross-ply arrangement, as ev-
idenced by the alternating texture (Fig. 3a). The endocuticles are
comprised of macro-fibers, which are bundles of tightly packed
microfibrils with a primarily unidirectional alignment. The pres-
ence of thin gaps between these bundles, akin to a brick and mor-
tar structure, furthermore reveals that these endocuticles exhibit
the characteristic balken morphology, from the German term for
beams, as opposed to the continuum ply morphology (Fig. 3c, ii-
V).
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Fig. 2. a) Size comparison of the Valgus hemipterus, Cetonia aurata pisana, Jumnos ruckeri and Goliathus orientalis (coin for scale). b) Body and elytral sizes and weights
for each species. c) Evolutionary allometric relationships between elytral thickness and exo- endocuticle thicknesses. d) SEM images of elytral longitudinal sections of Valgus
hemipterus (i), Cetonia aurata pisana (ii), Jumnos ruckeri (iii) and Goliathus orientalis (iv). Scale: 10, 20, 30, 50 pm.

Table 1

Exocuticle structural metrics for Valgus hemipterus, Cetonia aurata pisana, Jumnos ruckeri and Goliathus orientalis.

Beetle Species Pitch Length (pexo) (nm)

Fiber Diameter (dex,) (nm)

Layers per Pitch (new) — Twisting Angle (Yexo) (deg)

Valgus hemipterus 114.6 + 0.01 20.1 £ 11.8 6 30
Cetonia aurata pisana ~ 207.5 &+ 3.3 37.2 £228 6 30
Jumnos ruckeri 3879 £ 9.9 444 + 26.1 8 20
Goliathus orientalis 693.5 + 184 55.6 + 25.6 12 14
Beyond the common  structural architectures and 20 — 56 nm. Using the average pitch lengths and fiber diameters

dimensionally-graded motifs found in all the species, detailed
analysis of nanoscale features within their exocuticles uncov-
ers differences concerning the intricate Bouligand arrangement
and the nanofibers which comprise it. Based on the finest fea-
tures revealed by AFM contact mode imaging, and following
the methodology presented in a previous work [14], the pitch
length (pexo) and fiber diameter (dexo) distribution are determined
for each species, revealing increasing values for increasing bee-
tle sizes, suggesting a size-dependent strategy (Table 1, Fig. 4).
Across species, the average pitch size (pexo) was found to lie
in the range of 115-694 nm whereas the average diameter
(dexo) of individual fibers was found to lie within the range of
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measured, the number of layers comprising each exocuticle pitch
(i.e., Nexo = Pexo/dexo), and the relative twisting angle between
successive layers (i.e., Wexo = 7T /Nlexo) are estimated (Table 1).
These results reveal helicoidal geometries commensurate with
body size (i.e., greater size, greater pitches), further emphasizing
the adaptation of identical building blocks (microfibers) to changes
in size. Reduction of twisting angles translates into a more heli-
coidal pattern in the material architecture, which yields greater
in-plane isotropy as well as stiffness to inelastic deformation.
Furthermore, a reduction in twisting angle entails a reduced mis-
match between successive layers and promotes lesser interlaminar
stresses. Interestingly, the statistical distribution of fiber diameters
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Fig. 4. Fiber diameter analysis. a) AFM images of selected exocuticle regions in Valgus hemipterus (i), Cetonia aurata pisana (ii), Jumnos ruckeri (iii) and Goliathus orientalis

(iv). Scale bar: 50 nm b) Statistical distribution of fiber diameters for each species.

is not only consistent across the analyzed species but is also in
concert with similar investigations performed in Cotinis mutabilis,
also a member of the Cetoniinae subfamily [14].

Heterogeneity in the microstructure of biological materials has
remarkable implications on the resistance of those materials to
failure and fracture in response to mechanical loads. One of the
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main sources of such properties is the natural complex hierar-
chical arrangement of the constituents often coupled with func-
tional gradients within the material, giving rise to hierarchical-
functional gradients. The first evidence of such graded motifs is
observed in the macroscopic thickness variation of the forewing
(Figure SO), from the hinge to the pygidium, and the microscale
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Goliathus orientalis (top to bottom).

thickness variation of the two most prominent elytral levels, the
exo- and the endocuticle (Fig.2). At even smaller scales, both
within the exo- and endocuticle, the presence of dimensional gra-
dients is ubiquitous. Inside the exocuticle, the helicoidal motif,
an orientation-graded structure in itself, displays a graded pat-
tern, where the pitch length (pexo) increases from the epicuticle-
exocuticle interface towards the exocuticle-endocuticle interface.
This pattern is consistently observed in the four selected beetles,
each one differing in the rate of change between the pitch of ad-
jacent units (Fig. 5a), with the commonality that the pitch size
experiences less variation by increasing the distance from the in-
terfacial layer between the exocuticle and the endocuticle. A focal
point for the observation of functional gradients within biological
materials is at the interfaces between their different substructures
[17] where such natural gradients aid to smoothen the transition
between the different properties of the two adjacent substructures.
Similarly, in the endocuticle, the thickness of the layers in the
pseudo-orthogonal plies presents a smooth decreasing variation
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from the exocuticle-endocuticle interface to the Hemolymph space
(Fig. 4b).

3.3. Nanoscale properties of exocuticle fibers

AFM indentations on the fibers comprising the exocuticle of
each beetle further point to similarities at the building block level
of these natural composites (Fig. 6a). The indentation moduli along
a single pitch in the exocuticles of the four beetles are presented
in Fig. 6b, where the observed trend is consistent and analogous
to the topographical trend observed in similar AFM measurements
in scanning mode (Fig. 5). The ascending-descending trend ob-
served, corresponding to points within the two symmetric half-
pitches (i.e., 0°-90°, 90°-180°), is an indication of the anisotropic
nature of the fibers. Along a given pitch, the indentation modu-
lus attains its maximum and minimum values when indenting the
transverse section and the lateral side of the fiber, respectively.
Across species, only slight differences in indentation moduli are
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observed (Fig. 6b). Despite differences in indentation moduli, cal-
culation of elastic constants reveals similar values throughout the
four beetle species, and presents good accord with the results pre-
viously obtained in Cotinis mutabilis (Gory and Percheron, 1883) [14,
18].

3.4. Compositional analysis

Energy dispersive spectroscopy (EDS) elemental maps of pol-
ished elytral cross sections and selected exocuticular and endo-
cuticular regions reveal the distribution of the main chemical el-
ements present in the elytra of the four studied beetles. Car-
bon (C), Oxygen (0) and Nitrogen (N) alone were consistently ob-
tained, throughout the four species, without significant intraspe-
cific and interspecific local variations (Fig. 7a-b, Figure S1) or gra-
dients. Furthermore, presence of minerals or heavy metals was not
found, notwithstanding the precedent of these components in scle-
rotized mandible cuticles in a number of insect orders, includ-
ing Coleoptera [19]. The pervasive occurrence of Carbon, Oxygen
and Nitrogen responds to the presence of chitin as building block
of the elytra [20]. Chitin, the linear polymer of f-1,4-linked N-
acetylglucosamine (CgH;5NOg), constitutes the lowest hierarchical
level within the beetle’s exocuticle, a feature shared though the
Phylum Arthropoda but also with fungi, diatoms, and corals [21]. In
beetles, particularly, chitin adopts a crystal form (primarily the o-
chitin polyform) and bundles with cuticular proteins (CP) to form
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nanofibrils and aggregates of nanofibrils, which ultimately com-
pose the helicoidal and pseudo-orthogonal arrangement observed
in the exo- and endocuticle.

Fourier Transform Infrared Spectroscopy (FTIR) consistently re-
vealed the presence of a number of functional groups along
the elytra, again without evidencing significant spatial differences
(Fig. 7c-d). The peaks found at A~2930 cm~! and A~3260 cm~! are
associated to C-H stretching modes and the two peaks with simi-
lar intensities found at A~1650 cm~!, 1620 cm~! and A~1550 cm™!
respond to the presence of Protein Amide I and Protein Amide
II, respectively, characteristic of «a-chitin and amino glycoproteins
[22-24]. Bands at A~1250 cm~!, 1150 cm~!, A~1115 cm~!, 1072
cm~1, 1025cm=! and A~950 cm~! correspond to C-N stretching, C-
O stretching, and C-H out of plane bending vibration modes, re-
spectively [24,25]. Our findings on an elytra composition based on
chitin and amino glycoprotein, without marked gradients, add to
previous similar findings on beetles from the Coccinellidae [26],
Tenebrionidae [27] and Curculionidae [20] subfamilies.

3.5. In situ SEM elytra mechanical testing

The bending performance of the elytra was studied in situ SEM
to characterize the stiffness (in the small deformation regime) and
the flexural strength, specific energy absorption, and failure mech-
anisms (in the large deformation regime up to failure), in the con-
text of physiologically relevant loads.
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Valgus hemipterus and Goliathus orientalis elytral beams.

First, the bending response of beams, made of longitudinal sec-
tions from the central region of the elytra (Fig. 8a), was mea-
sured at small beam deflections. The bending stiffness was ex-
tracted from the slope of the initial linear segment of the load-
ing curve (Fig. 8b, S2). Noteworthy, even at relatively small deflec-
tions, nonlinearities in the force-displacement signatures emerge
and hysteretic loops upon unloading were observed. This is asso-
ciated to the viscoelastic response of chitinous and proteinaceous
building blocks in the elytra.
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Second, to relate the identified layer architecture and measured
fiber properties (see Section 3.2-3.4) to the mechanical perfor-
mance of the elytra, we employed an analytical model to com-
pute the beam equivalent flexural stiffness, normalized by beam
length. The composite laminate theory (CLT) model is given in Ap-
pendix B: Analytical Model for Elytral Beams. A comparison between
analytical predictions and experimental measurements (including
standard deviations) is given in Fig. 8b. Given the elytra structural
complexity and inherent variability in load-deflection signatures,
as identified by this work and in Kundanati et al. [28], the agree-
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ment and trends as a function of size, enables us to infer a very
mild stiffness increase, as macroscopic size increases, despite three
orders of magnitude in weight variation.

3.5.1. Failure mechanics and energy dissipation

A representative force-displacement curve obtained from bend
testing, up to failure, in Goliathus orientalis is given in Fig. 9a. At
test pauses, intermittent load drops are registered due to viscoelas-
tic relaxation in the sample. The true mechanical response of Ceto-
nia aurata pisana, Jumnos ruckeri and Goliathus orientalis, account-
ing for the viscous effect, are presented and compared in Fig. 9b.
Finally, the maximum flexural stress, calculated from the maxi-
mum load and the expressions given in Appendix B, as well as
the specific energy dissipation, area under the load-displacement
curve normalized per unit sample mass (e), are depicted in Fig. 9c.
As evident from Fig. 9¢, and considering the inherent degree of
variability, the peak flexural stresses and energy dissipation ap-
pear to be size independent, in spite of the size differences among
beetles. Figs. 9d and Supplementary Figures S3-S7, illustrate the
progression of deformation and a number of extrinsic toughening
mechanisms (i.e., crack bridging, meandering and deflection, and
arrest) and failure mechanisms (i.e., delamination, fiber pull-out,
fiber breakage, buckling) occurring in tandem. Similarly, the fail-
ure progression and mechanical behavior of Cetonia aurata pisana
and Jumnos ruckeri are detailed in Supplementary Figures S8-S12.
The sequence of mechanisms, pervasively observed throughout the
tested species, can be described as follows:

1 In concert with load increase, cracks first emerge within the en-
docuticle and propagate throughout the test following ply inter-
faces (i.e., interfaces constitute paths of minimum resistance).
Concurrent shear deformation in the connecting trabecular el-
ements, leads to coalescence of hemolymph space voids and
subsequent separation of endocuticle plies (Fig. 9d, iii). Sepa-
ration of these layers is evident by the stretching of fibers per-
pendicular to the beam length.

Stretching of the layers, below the neutral axis and in the vicin-
ity of the punch, result in fiber breakage and fiber pull-out
(Fig. 9d-iv). Upon further crack growth in the ventral cuticle,
evidence of delamination is observed (Figure S3). As the beams
bend, fibers within the lower layers are observed to separate
from the matrix and pull-out allowing the crack to grow along
the fibers. This observation is recognized as a key toughen-
ing mechanism whereby the dissipated energy is accumulated
during fiber sliding, overcoming the fiber-matrix friction and
pulling-out the fibers while propagating the crack through the
matrix [29]. This mechanism is observed in all beetles (Figures
S8, S13).

Shear forces between the ventral and dorsal cuticles lead to
failure of the trabeculae, subsequent coalescence of hemolymph
spaces and delamination within the endocuticle layer. While
the lower layer of the beam, in the middle of the span and in
proximity to the punch, experiences tensile stresses, the same
layer experiences compressive stresses in the rgions of the sup-
ports. Indeed, buckling of the ventral layers near the supports
is observed (Fig. 9d-v and Figures S4, S5). This mechanism is
identified in all species (Figure S10, S12), and follows local fail-
ure of endocuticle sublayers.

In the small deformation regime, the top layer above the neu-
tral axis is under compression. This is reversed as the load
increases and deformations become large, which causes the
emergence of small cracks in the epicuticle, near the supported
regions. Following nucleation, these cracks propagate from the
epicuticle to the exocuticle. Interestingly, the cracks are unable
to further propagate into the endocuticle and are effectively ar-
rested at the exocuticle-endocuticle interface (Inset Fig. 9d-v).
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Energy dissipation along the helicoidal microstructure of the
exocuticle prevetns the crack from overcoming the energy bar-
rier necessary to propagate through the endocuticle, which is
revealed by the tortuosity of the crack edges and surface rough-
ness of the fracture surfaces, consistent with measured exocu-
ticle helicoidal pitches (Figure S7). Emergence of new cracks at
the epicuticle further indicates the competition between nucle-
ation and exo-to-endocuticle propagation. As the stress builds
up, cracks are deflected and propagate along the exocuticle-
endocuticle interface (i.e., crack channeling). The process is well
captured in Figure S6. Notably, this failure sequence was only
observed in Goliathus orientalis, suggesting a size dependence.
At the late stages of loading, cracks coalesce and propagate at
the point of the contact between the punch and the beam (Fig-
ure S3), owing to stress concentration (i.e., local failure mode).
Towards the end of the test, this local failure mode grows and,
when combined with the delamination of the lower layers,
leads to ultimate failure of the beam.

4. Discussion

The present work gravitates around two main facts: beetles
constitute the most diverse order of insects and biological diver-
sity is often a matter of size; and, as such, seeks to answer the
question: How does the structure-property-function relationship in a
vital structure, as the elytra, respond to size variations in closely re-
lated beetles? To such end, a number of multiscale characterizations
were pursued to compare the elytra of four beetle species from the
same subfamily but spanning three orders of magnitude in weight.

Unlike the ample body of literature devoted to particular as-
pects of beetle elytra of single species (e.g., stag beetles for their
agonistic demeanor, dung beetles for their rolling capacity), this
work differentiates itself by its integral comparative approach
across species driven by the issue of scaling. To the authors’ best
knowledge, only the works on elytral microstructures of 40 beetles
from 23 different families by Van de Kamp [10], and the mechani-
cal studies by Yu and Xiang [31-34]| compared beetles. Despite not
addressing the issue of scaling, these studies recognized the sci-
entific value of scaling due to the known influence of size at the
individual (structure-function relationships) and social level (inter-
/intraspecific interactions) [30]. In contrast to these broader stud-
ies, this work is focused on comparisons within a single subfamily
driven by large variations in macroscopic size. The more focused
nature of the study, reduces genetic variability, thus ensuring simi-
lar structures and functionality, while allowing sufficient size vari-
ability to capture scaling behavior.

The correlation of microstructural parameters, in the form of
elytral thicknesses, with body masses in the form of power-law re-
lationships, seems to point to the existence of evolutionary nega-
tive allometric laws underlying the biomechanical design of these
structures in response to size variations. The fact that these struc-
tures and substructures do not scale isometrically are indicative of
a complex interplay between the natural selection for size and ef-
ficiency, and the mechanical constraints which bound these struc-
tures. This finding makes beetle elytra one more exponent of bi-
ological scaling, a phenomenon that pervasively manifests itself
in Nature [35]. The fact that the elytral thickness and exocuti-
cle thickness present similar scaling exponents highlights the rel-
evance of the exocuticle to the organism as the first mechanical
barrier against puncture and piercing (as reflected via in situ SEM
tests). Conversely, the lower exponent of the endocuticle could be
related to the function of flight where endocuticle thickness is sac-
rificed for greater hemolymph space, thus resulting in lighter yet
functionally stiff structures.

Allometric scaling laws, however, constitute only one aspect of
the natural strategies to cope with a large operational size range.
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The second aspect is comprised by a set of invariant features
composed of foundational components (i.e., chemical and mate-
rial building blocks) and design choices (i.e., material architectures,
graded material-structural motifs), all of which have been found
in the species studied. The identification of a similar chemistry,
a similar layered layout, a helicoidal exocuticle and an endocuti-
cle exhibiting an orthogonal fiber bundle morphology are not sur-
prising, but were expected as conserved traits, imposed by de-
velopmental constraints (i.e., compositional, physical or dynami-
cal limitations on phenotypic traits variation). As such, both the
scaling laws and the conserved traits emphasize the concept of an
adapted bauplan and contrast the interplay between developmental
and evolutionary drivers. Also noteworthy is the first identification
of dimensional gradients in the exo- and endocuticle of beetles,
which coupled to similar observations in vertebrate and inverte-
brate taxons, points to the work of convergent evolution [36,37].

As revealed by in situ SEM bending tests, the combination of
invariant (developmental) and scalable (allometric) features in the
beetle elytra yield optimal structures in a symmorphosis sense (i.e.,
the regulation of biological units for an optimal outcome), fine-
tuned to cope with mechanical pressures [35]. The integration of
these similar and dissimilar features interestingly gives rise to sim-
ilar mechanical performances in terms of stiffness, strength and
energy absorption, facilitated by a multitude of shared toughening
and failure mechanisms. In this respect, the use of simple mechan-
ical models, integrating data from spatial and material multiscale
characterizations also seem to point at the existence of similar
mechanical performances, notwithstanding the overbearing differ-
ences in macroscopic size. These observations suggest that despite
beetle size, mechanical functionality is conserved by ensuring sim-
ilar levels of protection and the necessary bending and torsional
stiffness to support flight. These results agree with the allometric
invariances in mechanical design reported by Juang et al. in avian
eggs [38], the extrinsic toughening mechanisms in Macraspis lucida
[29] and the bending performance in Lucanus cervus [28], thus re-
vealing traits that surpass taxonomy at the family level.

The present work undoubtedly opens a vista of opportuni-
ties for future work. Amongst these, investigations with a greater
number of samples and sizes from the Cetoniinae subfamily are
bound to provide additional information on the power-law rela-
tionships relating microstructural and mechanical performance to
body weight. Though the allometric scaling found is expected to
remain valid, the scaling exponents may be subject to improve-
ment. In this regard, correspondence of such exponents to the
commonly encountered quarter-power law (i.e., allometric expo-
nents as simple multiples of 1/4) is intriguing [35]. The search for
allometric scaling could also be extended within and across fami-
lies. Extension of the present methodology to the latter promises
to offer greater insight on the influence of selective pressures
(i.e., survival vs. developmental constraints) on these biomateri-
als, still an unresolved issue. In this sense, the comparison of bee-
tles facing radically different environments (e.g., water and terres-
trial beetles) could represent an intriguing avenue of research. Fur-
ther along this line, the incorporation of phylogenetic information
into phylogenetically-informed regression models could shed fur-
ther insight into the historical diversity and evolution of pheno-
typic traits [39,40]. Testing of elytral samples under beam bending
has revealed a considerable degree of variability, as also detected
by Kundanati et al. [28] who reported flexural moduli in Lucanus
cervus of 811 650 MPa. This stems from the inherent variabil-
ity of biological composites, the heterogeneous and random na-
ture in material distribution (e.g., voids in the hemolymph space),
the small size of probed features (e.g., fiber diameter), and poten-
tial issues associated to sample preparation and handling. However,
the use of analytical models with microstructural inputs can aid in
elucidating comparative relationships, as shown here. The devel-
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opment of new mechanical testing protocols, the incorporation of
multiscale approaches and a thorough characterization of the void
distribution in the hemolymph space could potentially reduce vari-
ability. Lastly, the mechanical characterization of hydrated samples,
more physiologically relevant, is left for future investigations due
to the recognized effects of hydration on mechanical properties.

5. Conclusions

Elytra distinguishes beetles from all other insect orders and are
widely acknowledged as a key biomechanical trait. Cross-species
comparisons, particularly daunting for the Coleoptera order, and
the study of mechanical properties of biological composites have
traditionally pertained to the separate realms of biology and en-
gineering, respectively, despite the ostensible links that bind me-
chanical performance to biological functionality. In an attempt to
bridge the aforementioned fields, integral comparisons encompass-
ing the macro-, micro- and nanostructure of four beetle species
from the same taxonomical subfamily were undertaken to under-
stand the adaptation of the elytra bauplan to changes in body
size spanning three orders of magnitude. Our studies reveal the
workings of a natural strategy combining both invariant and scal-
able features to synergistically accommodate size changes while
maintaining functionality. On the one hand, the use of identi-
cal chemical and material building blocks together with layered-
fibrous material architectures and dimensionally graded motifs
were consistently observed in all species. On the other hand, neg-
ative allometric relationships and adjustments in fibrous building
blocks seem to underlie the adjustment of elytral layers to body
size. Despite the substantial differences in size, the integration of
size-dependent and size-independent strategies manages to endow
each beetle with similar specific mechanical performance (stiff-
ness, strength, and energy absorption capabilities) together with
an array of toughening mechanisms to ensure biomechanical func-
tionality pertaining to protection and flight. Further studies encom-
passing more diverse populations, with an emphasis on phyloge-
netics, promise to elucidate additional biological design rules that
could be leveraged in the design of scalable synthetic composites.
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