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1. Elytral mechanical and structural characterization. P. diabolicus’ high
compression resistance likely results from not only the matrix components, but also the
assembly of remarkable architectures across multiple length scales®. Cross-sectional
analysis (Extended Data Fig. 1b) of the elytra reveals a bouligand-like architecture
(Extended Data Fig. 1d) typically observed in arthropods® and found to provide
significant impact resistance not only in biological structures but also in engineered
materials®>. These bundled, balken, layers are joined together via z-oriented fibers
(Extended Data Fig. 1c) within the exocuticle, providing additional compressive strength
and toughening®. Computed Tomography analysis revealed z-oriented pore canals
(Extended Data Fig. 1e), which similar to those found in antlers, teeth and bone, provide
transport pathways for nutrients during structural assembly and development, but are
also known to mechanically arrest crack propagation by blunting the crack tips”°.

The exoskeletons of these beetles are non-mineralized and consist of an
orchestrated hierarchical assembly of alpha-chitin fibers embedded within a
proteinaceous matrix that provides both strength and toughness**™*. Chemical analysis
of the elytra of P. diabolicus revealed a mixture of approximately 32.6 wt% chitin, 52.2
wt% protein, and 15.1 wt% lipid. In contrast, the elytra from the flying beetle, Trypoxylus
dichotomus, contained 42.0 wt%, 43.4 wt%, and 15.0 wt% of chitin, protein and lipid,
respectively. The relatively high protein content found in the elytra of P. diabolicus is
likely correlated to its significantly thicker endocuticle as well as the amount of matrix
between chitin fibrils'®, which not only plays a key role in the elytra morphogenesis®®
and microstructural formation'’, but also enables significant energy absorption. Unlike
crustaceans, which add mineral to their cuticles to provide strength, stiffness and
hardness, arthropods (e.g., insects), rely on the chemical modification of proteins (e.qg.,
tanning/sclerotization) to stiffen and harden the exoskeleton®® (see Nanoindentation
section below). The degree of this cross-linking is directly correlated to the modulus of
the cuticle’” Tanning of the insect exoskeleton is a complex process, which involves
hydroxylation of tyrosine to 3,4-dihydroxyphenylalanine (DOPA) and decarboxylation of
DOPA to dopamine. Through several additional steps, DOPA and dopamine are
converted to quinone metabolites, which undergo cross-linking reactions with side
chains of elytral proteins such as histidyl residues for cuticle sclerotization'®. Thus, the
relatively high protein content found in the elytra of P. diabolicus is likely correlated to its
enhanced mechanical properties, including those resulting from a high degree of cross-
linking™. In addition to the relative concentration of protein in the elytra, SDS-PAGE
analysis revealed differences in elytral protein constituents between P. diabolicus and T.
dichotomus (Supplementary Figure 1). The major protein bands in P. diabolicus
appeared at approximately 6 and 13 kDa (Supplementary Figure 1A), while those in T.
dichotomus were approximately 7, 21, and 80 kDa (Supplementary Figure 1B). Proteins
from the elytra of P. diabolicus were less extractable than that of T. dichotomus,
suggesting its elytral proteins are highly cross-linked providing an enhanced stiffness. In
addition, these protein constituents and their association with chitin fibers at molecular
levels may also play a role in regulating the mechanical properties of elytra of beetles.
Further evaluation is underway.
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Supplementary Figure 1. Difference of protein profile between P. diabolicus (A) and T.
dichotomus (B) elytra. Proteins were extracted by 1% SDS solution. Lane M, molecular
size marker; lane 1, 10 ul of extracts were loaded; lane 2, 20 pl of extracts were loaded;
lane 3, 30 pl of extracts were loaded; lane DC, protein extracts from dorsal elytral
cuticle; lane VC, protein extracts from ventral elytral cuticle. Arrow heads indicate major
protein bands appeared in each sample.

Laser profilometry scans of the elytra surface (Supplementary Figure 2) highlight
the dull, matt-like elytra of P. diabolicus that has a roughness of (27.26 £ 2.77um). This
is due to an extensive coating of leaf-like setae and a large tubercles (Supplementary
Figure 2b) which may serve as storage for nutritive material*®. Exterior setae can also
serve as camouflage as the dark coloration matches with the appearance of small rocks
and bark. Furthermore, the increased surface area of the elytra due to these features
may assist with possible water collection. Conversely, the elytra of T. dichotomus, which
appears smooth (roughness of 9.77+ 2.47um) has few features, with a sparse coating of
setae (Supplementary Figure 2c). This smooth and waxy-looking coating prevents
excess moisture from condensing on its surface and deterring flight'®?°. For the
ironclad beetle, the elevated topography likely assists in distributing any biting or
pecking forces from predators, similar to how arches or domes distribute normal forces.
This addition of undulations for load dissipation has been observed in other arthropod
exocuticles such as the carinae in the telson of the mantis shrimp®.
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Supplementary Figure 2. Laser profilometry scans of the elytra of P. diabolicus and T.
dichotomus. (a) Coronal image of the elytra (scalebar 5 mm) highlighting (b) the
topography of the surface. (c) Surface topography of T. dichotomus.

Common predators to beetles include birds, reptiles and mammals, whose impact strain
rates during biting or pecking ranges from 10° — 0.5 x 10? (s) ?***. Crows can peck at
a rate of up to 0.5 x 10% and with a force in excess of 20N . Smaller aviary predators
typically strike with a peak force of 11 N at a strain rate of ~10' when interrogating
prey®. Small reptiles, which try to eat the ironclad beetle, are at a relatively lower strain
rate (~ 10°%), and have an average biting force of 12.05 + 2.41 N compared to that of
small mammals 13.704 + 14.6 N ?*?*?°_This relatively high resistance to compression
seen in the ironclad beetle suggests its need for a robust exoskeleton capable of
resisting the interrogatory biting and pecking forces from these predators.

Although there is a variation in the strain rate from these predators (ranging from quasi-
static to 0.5 x 10% (s), a small increase in stiffness and peak load is expected?’.
However, at these relatively low strain rates (< 10%) exhibited by the natural predators,
no significant post-yield strain hardening is expected %.

2. Nanoindentation. Interrogating the regional hardness and modulus of the elytra,
nano indentation maps were conducted on polished transverse cross sections.
Indentation maps including the exo and endocuticle of P. diabolicus are shown in
Extended Data Figure 2. The exocuticle of P. diabolicus has a hardness and reduced
elastic modulus of 0.59 = 0.15 and 9.85 + 2.19 GPa, respectively, that decrease to 0.37
+ 0.16 and 9.28 = 3.37 GPa, when moving into the endocuticle. This change in
hardness and modulus suggest a variation in sclerotization of the cuticle further
supported by the visibly darker color of the exocuticle transitioning to the lighter
endocuticle (Extended Data Figure 2b). The reduced elastic modulus is dependent on
fiber bundle orientation as indicated in the endocuticle, where indentation maps show
the out of plane balkens have the greatest stiffness (Extended Data Figures 2 d, €)

3. Mechanical response of lateral supports. A three-dimensional FE model of the
cuticle under compressive load confirms that the stress significantly drops at the lateral
supports for the free-standing variant versus those in the interdigitated case (Extended
Data Fig. 4). We surmise that the free-standing and interlocking supports enable
deflection of the elytra and therefore, increase the energy absorption during crushing
events by providing compliance, while the interdigitated supports increase the stiffness.



Models of the entire abdomen, elytra and ventral cuticle under compression
highlight the distribution of the principal stresses as the first and second support transfer
stress to the ventral cuticle. Further analysis reveals a repetition of the second support
at the posterior of the abdomen to prevent collapse of the elytra. In addition, models
show that there are stresses developing in the top of the supports, but they are 2 times
lower than those at the side supports and are thus, not as apparent as the limits of the
stress fields are fixed to be consistent with the stress shown between the three
supports. This also suggests the presence of a bending component to the lateral
supports.

4. Medial Suture: Microstructural effects. Finite element models and 3D printed
prototypes were implemented in two parametric case studies (capacity and quantity
variation) to evaluate variations in stiffness, toughness, and peak tensile load versus
number and geometry of the sutural blades. For the first set of tensile tests: capacity
variation, the number of blades was increased while keeping the contact area between
two elytron constant, resulting in a decrease of feature sizes (Fig. 3d). For quantity
variation, the number of blades (with the naturally observed geometry) was varied from
one to five blades (Extended Data Fig. 6a).Moreover, the FE models suggest that the
initial stiffness increases with the number of blades, yet the 3D printed tests result in a
stiffness plateau at 3 blades. This could result from air bubbles or uncured resin
weakening the relatively small 3D printed blades®. Printing larger samples would most
likely circumvent size-related defects resulting in the linear trend in stiffness, toughness,
and normalized peak load calculated in the FE models.
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