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Toughening mechanisms of the elytra of the 
diabolical ironclad beetle

Jesus Rivera1, Maryam Sadat Hosseini2, David Restrepo2,3, Satoshi Murata4, Drago Vasile5, 
Dilworth Y. Parkinson6, Harold S. Barnard6, Atsushi Arakaki4, Pablo Zavattieri2 &  
David Kisailus1,5,7 ✉

Joining dissimilar materials such as plastics and metals in engineered structures remains  
a challenge1. Mechanical fastening, conventional welding and adhesive bonding are 
examples of techniques currently used for this purpose, but each of these methods 
presents its own set of problems2 such as formation of stress concentrators or degradation  
under environmental exposure, reducing strength and causing premature failure. In 
the biological tissues of numerous animal and plant species, efficient strategies have 
evolved to synthesize, construct and integrate composites that have exceptional 
mechanical properties3. One impressive example is found in the exoskeletal forewings 
(elytra) of the diabolical ironclad beetle, Phloeodes diabolicus. Lacking the ability to 
fly away from predators, this desert insect has extremely impact-resistant and crush- 
resistant elytra, produced by complex and graded interfaces. Here, using advanced 
microscopy, spectroscopy and in situ mechanical testing, we identify multiscale 
architectural designs within the exoskeleton of this beetle, and examine the resulting 
mechanical response and toughening mechanisms. We highlight a series of interdigitated  
sutures, the ellipsoidal geometry and laminated microstructure of which provide 
mechanical interlocking and toughening at critical strains, while avoiding catastrophic  
failure. These observations could be applied in developing tough, impact- and crush- 
resistant materials for joining dissimilar materials. We demonstrate this by creating 
interlocking sutures from biomimetic composites that show a considerable increase 
in toughness compared with a frequently used engineering joint.

For millions of years, environmental pressures and predator–prey 
relationships have driven arthropods to develop structures that are 
both mechanically robust and multifunctional. With over 350,000 
species of flying, terrestrial and aquatic variants, beetle cuticles exem-
plify these traits by providing structural support, water collection and 
retention, and serve as a defence mechanism against predators4–8. 
In particular, the Zopherinae (‘ironclad’) family of terrestrial insects 
are known among entomologists for their compression resistance 
and for the ability of their hardened forewings or elytra to bend steel 
mounting pins (Fig. 1b)9. Evolved from flying ancestors, these beetles 
no longer possess the agile means of evasion that result from mem-
branous hindwings10–12. Instead, they adapted a robust exoskeleton 
with elytra (density 0.97 g cm−3, compared with 0.51 g cm−3 for the 
flying beetle Trypoxylus dichotomus) that are fused by a robust inter-
face13. We describe the multifunctional exoskeleton of the diabolical 
ironclad beetle (DIB), Phloeodes diabolicus (also known as Nosoderma 
diabolicum), an oak-dwelling fungivore primarily residing on the west-
ern coast of North America. This beetle can be found under the bark 
of hardwood and coniferous trees9, playing dead and superficially 
resembling a small rock because of the rough texture of its elytra14. 
Beyond feigning death, this beetle has a remarkable ability to withstand 

crushing and piercing strikes from predators, and even the occasional 
automobile.

Mechanical and structural characterization
To assess the resistance of P. diabolicus to external loads possibly 
encountered in its natural habitat, we performed compression tests 
on its entire exoskeleton and compared the maximum compressive 
strength with that of other beetles native to the southern California 
region (Fig. 1, Extended Data Figs. 1 and 2). Other terrestrial beetles 
(Asbolus verrucosus, Eleodes grandicollis and Cryptoglossa muricata) 
with similar predation (that is, via crushing and pecking), defence 
by playing dead (thanatosis) and habitat were selected for compari-
son15–17. At the onset of compression, P. diabolicus exhibits a change 
in stiffness from 115 N mm−1 to 291 N mm−1 at 0.64 mm displacement 
(Fig. 1c, Extended Data Fig. 1a) and fractures at a maximum force of 
149 N with an average load of 133 ± 16 N (~39,000 times its body weight), 
significantly greater than the force an adult human can generate by 
pressing the thumb and index finger together (43.0 ± 18.4 N)18. By con-
trast, the other beetles can only withstand an average peak load of less 
than 68 N and have a lower strength-to-weight ratio (Fig. 1c, inset). 
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Asbolus verrucosus exhibited a similar initial stiffness to P. diabolicus but  
fractured at about 50% of the strain, suggesting a variation in composi-
tion or design features within the exoskeleton.

Beyond microstructural, nanomechanical and compositional analy-
sis of the bulk of the elytra (Extended Data Figs. 1b–e, 2, and Methods), 
two additional and distinct features are observed within its exoskeleton: 
a medial suture that permanently fuses the two elytra together (Fig. 1e), 
and lateral interfaces that connect and support the elytra to the ventral 
cuticle (Fig. 1f). The medial suture consists of interdigitated ‘jigsaw’ 
arrangements of protruding segments, called blades, along the length 
of the abdomen (Supplementary Video 1). Evaluation of the DIB’s fly-
ing relatives reveals a tongue-and-groove design (Fig. 1g) that enables 
actuation and flight. Comparative analyses between the sutures and 
lateral interfaces of multiple terrestrial species show substantial differ-
ences in the thickness and degree of interdigitation, with the greatest 
number of interlocking elements found in P. diabolicus (Extended Data 
Fig. 3). However, there has been relatively little research into variations 
of these protective interlocking interfaces in beetles19.

Lateral supports
In terrestrial habitats, these beetles often hide under rocks or squeeze 
within bark for shelter, not only to survive hot and arid environments, 
but also to avoid crushing or pecking predation11,14,20,21. As such, they 
must resist external loading without damaging their internal organs 
(Fig. 2a). Analysis of the DIB by computed tomography (CT) reveals 
an air-filled region under the elytra known as the subelytral cavity, 
located above the abdomen (black space, Fig. 2a)22. Subsequent obser-
vations by CT and scanning electron microscope (SEM) of the ironclad’s 
exoskeleton reveal three distinct lateral interfacial architectures that 
provide support between the elytra and ventral cuticle: interdigitated, 
latching and free-standing motifs (Fig. 2b). Additional CT scans show 
that these regions merge seamlessly into one another along the length 
of the body (Supplementary Video 2). In the other terrestrial beetles, a 
single large interdigitation remains persistent throughout their length 
(Extended Data Fig. 3j, o,  t).

Simulations of the entire exoskeleton of the DIB under compression 
suggest that stress is concentrated at the perimeter of the cuticle, with 
load transferred to the ventral portion through the first and second 
types of lateral support described above (Extended Data Fig. 4e, f). 
Compression tests and finite element (FE) models of isolated sec-
tions demonstrate variations in stiffness and maximum displacement 
between supports (Fig. 2c, d). The first variant incorporates nearly 
complete sutural interdigitation, joining the elytra to the ventral cuticle 

and exhibiting the stiffest mechanical response. This highly integrated 
joint provides maximum protection to the thorax and vital organs 
by providing a fixed support at the base of the arched elytra to resist 
bending moments23. Mechanical testing and CT scans confirm that the 
maximum cross-sectional displacement before failure occurs is propor-
tional to the height of the subelytral cavity. There is a 40.8% decrease 
in regional stiffness towards the posterior of the abdomen, concur-
rent with an average 165% increase in the vertical distance between 
the elytra and the organs.

The second and more posterior support incorporates a latching 
design that interlocks upon compression, allowing 40% greater dis-
placement with minimal stress at the interface (Fig. 2c). In engineered 
structures, similar supports are incorporated in long bridges to allow 
for thermal expansion and contraction23. Closer inspection of the sur-
faces of the interfaces reveals an extensive array of 2 μm × 2 μm rod-like 
elements, known as microtrichia (Fig. 2b, Extended Data Fig. 5)24. Akin 
to the hair-like protuberances that flying beetles use to arrest their 
wings, the microtrichia from the DIB have a smaller aspect ratio (1:1 
versus 1:5 in flying beetles) and probably provide a frictional grip to 
prevent slip during loading25–27.

Supporting no load, the final interfacial variant (the posterior region 
of the elytra) lacks any true mechanical connection between the elytra 
and ventral cuticle. Two-dimensional (2D) FE models of the cuticle 
cross-section at different lateral support locations under compressive 
load indicate that the stress at any of the lateral interfaces is more than 
an order of magnitude lower than in the medial sutures (Fig. 2d). A 
3D FE model of the cuticle under compressive load confirms that the 
stress substantially 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 interdigi-
tated supports increase stiffness.

Medial suture
Role of blade geometry and number
Repurposed for terrestrial living, the adapted ellipsoidal jigsaw blades 
in the elytron of P. diabolicus provide a mechanically interlocking joint 
between its two elytra (Fig. 3a). Similarly, other terrestrial beetles incor-
porate a single interlocking blade with a semicircular or triangular 
geometry to prevent separation of the elytra28. These interlocking 
sutures have been adopted as a strategy in many biological systems 
to regulate energy dissipation at interfaces and improve mechanical 
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Fig. 1 | Mechanical properties of terrestrial beetles and architectural 
features of DIB (P. diabolicus). a, Image of DIB. Scale bar, 5 mm. b, Image of 
steel pin bent by elytra of the DIB. Scale bar, 5 mm. c, Representative force 
versus displacement curves for beetles tested under compression. Inset, box 
plots showing median and standard deviation of normalized maximum load 
(force/weight of beetle); number of specimens N = 5. Additional beetles tested 

in compression (top to bottom): E. grandicollis, A. verrucosus and C. muricata. 
Scale bars, 5 mm. d–f, Optical micrographs of a transverse cross-section of DIB 
(d), indicating the interfacial architectural regions of interest: medial sutures 
(e) and lateral supports (f). g, Cross-sectional optical micrograph of suture of a 
Japanese flying beetle, Trypoxylus dichotomus. Inset, elytra of T. dichotomus. 
Scale bar, 10 mm.
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performance29. FE models incorporating the complex geometry of 
these interfacial structures in the DIB indicate a relatively uniform 
stress distribution across the suture due to their elliptical geometry 
and quantity (Fig. 3b). By contrast, beetles with one prime triangular or 
semicircular blade show larger principal stresses located in the necks 
and contact regions of these interdigitated structures. Geometric 
analysis of the P. diabolicus blades reveals a 1.8:1 ratio between the 
semi-major axis (b) and the focal point (a), with the primary geometry 
of each blade parametrically represented as three identical ellipses 
connected to each other at a specific angle θ, as defined in Fig. 3c. In 
the DIB, the contact angle is 25° between ellipses, yielding a mechani-
cal interlock that prevents separation of elytra under tension (as is 
seen in circular elements)30. Furthermore, a uniform normal stress 
distribution at the blade interfaces enhances maximum tensile and 
shear stiffness, strength and fracture toughness31. Thus, we surmise 
that the elliptical geometry and the number of blades in the medial 
suture of P. diabolicus help to distribute stress uniformly and prevent 
rupture between mechanically interlocking elements.

Tensile tests of 3D-printed specimens and FE models reveal a linear 
trend between the number of blades and increased stiffness, toughness 
and normalized peak load of the medial suture (Extended Data Fig. 6). 
Evaluation of the role of the number of blades at a constant contact area 
provides further insight into the competing mechanisms between length 
scale and number of elements. Increasing the number of blades leads to 
a more uniform inelastic strain distribution, yielding properties reminis-
cent of a homogeneous material (higher stiffness at the cost of decreased 
extensibility; Fig. 3d). Tensile experiments and corresponding FE models 
indicate that the maximum toughness is found in sutures with two blades, 
whereas the maximum stiffness and peak load occur in samples with 

five and four blades, respectively (Fig. 3e and Extended Data Fig. 7). As 
fewer blade elements are used, there is a reduction in the inelastic strain 
concentration within the neck area of the blades. This inelastic strain 
distribution can explain the transition from ductile-like failure (pull-out 
with damage around the blades) to brittle-like failure (failure around the 
neck area) upon increasing the number of blades (or reducing their size; 
Extended Data Fig. 7). Additionally, a plot of maximum and minimum 
principal stress vectors (Extended Data Fig. 8) indicates that as the num-
ber of blades increases, there is an increase in compressive stress on the 
blades while a notably large tensile stress builds within the core of the 
neck. The compressive stress provides confinement as the number of 
the blades increases and, therefore, the highest stiffness can be expected 
for the sample with five blades. As the confinement increases, the tensile 
stress in the neck region increases. This leads to energy dissipation due 
to inelastic deformation to a point where brittle fracture at the neck 
becomes a competing mechanism. The sample with two blades does not 
display this behaviour and thus has the highest toughness.

Furthermore, as the volume of each element decreases, we see 
enhanced stiffness as the polymer chains are confined by localized 
contact loads at the bulbous regions32. This results in diminished strain 
and therefore reduced toughness as the polymer chains are confined 
to a small volume by the adjacent blades (Fig. 3e). Thus, as the quantity 
of elements over a constant contact area decreases, we see an increase 
in stiffness and uniform stress distribution.

Medial suture and microstructural effects
Closer examination of the cross-sections of the medial suture from 
the DIB (Fig. 4a) reveals a laminated architecture, which when placed 

Displacement (mm)
0 0.2 0.4 0.6 0.8 1.0

Lo
ad

 (N
)

0

5

10

15 First support
Second support
Third support

230

160

90.0

20.0

–50.0

Max principal 
stress (MPa) 

2 mm

2 mm

100 μm

1 μm 1 μm 

100 μm

100 μm

c d

ba
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resistance of P. diabolicus. a, Plan view and longitudinal CT scans, highlighting  
three distinct internal regions with variable spacing between organs and 
elytra. b, False-coloured SEM images showing the distinct regional differences 
in interfaces between the elytra (red) and the ventral cuticle (blue). Bottom 
right, microtrichia providing frictional contact in contact region of the second 
support type (magenta shading in a). Insets, cross-sectional CT scans showing 
interface location. c, Compression load versus displacement curves of fully 

interdigitated (light blue), interlocking (magenta) and free-standing (green) 
lateral supports. Dashed lines represent experimental results; solid lines, 
simulation results. Inset, optical image of the fully interdigitated section used 
in the compression test. Scale bars, 2 mm. d, FE models of the stress 
distributions of the varied cross-sections and lateral supports during 
compression, highlighting the ability of the highly interlocked lateral supports 
to distribute load. Applied compressive displacement of 0.5 mm.
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under tensile loading shows failure in the matrix, highlighting local 
delamination (Fig. 4b). Charge contrast imaging shows the extent of 
delamination throughout the blades, suggesting an orchestrated stress 
release (Fig. 4c). With increased strain, CT scans demonstrate consider-
able delamination, with fibre bridging between layers (yellow arrows, 
Fig. 4d). Unlike homogeneous materials, which typically fail at their 
neck or thinnest feature33, the microstructure within the blades enables 
considerable strain release and energy dissipation, circumventing 
catastrophic failure at the neck of the blades.

To understand the role of microstructural features and geometry of 
the blades, we developed three different ‘jigsaw’ geometries by vary-
ing the angle θ to 15°, 25° and 50° (Extended Data Fig. 9). In all three 
cases, the primary aspect ratios of the ellipses are constant and set 
equal to 1.8:1, and the 3D-printed jigsaw-shaped blades incorporate 
a layered architecture that mimics the DIB laminated microstructure 
(see Supplementary Methods). Tested in tension, the Lagrangian strains 
during loading are presented for all geometries (Extended Data Fig. 9). 
The 25° blades representing the DIB demonstrated higher normalized 
values of peak load and toughness (Fig. 4e). Digital image correlation 
(DIC) results confirm pull-out of the low-angle (15°) and nearly circular 
blade (Extended Data Fig. 9c), with no strain or delamination occur-
ring. However, when θ is increased to 25° as in the DIB, a sizeable strain 
develops within the blade with subsequent delamination, followed by 
pull-out. Further tensile experiments and finite element modelling 
for the geometry specific to the DIB reveal the strain distribution and 
confirm the presence of delamination between layers before pull-out 
(Fig. 4f). Finally, in the highly curved blade (θ = 50°), substantial strain 
is observed at the neck, followed by fracture (with no apparent delami-
nation).

This analysis confirms the presence of competing mechanisms based 
on the jigsaw-like geometry and microstructure of the blades of the 
DIB. While the elliptical geometry provides maximum interlocking and 
strength at the suture, delamination within the microstructure of the 
blade prevents localized stresses that would cause failure at the neck, 
thus ensuring survival of this robust beetle.

Biomimetic sutures
As a type of mechanical fastener, the interfacial sutures of the DIB 
provide a robust joint and a more predictable failure than in other 
beetles. To test the potential advantages of this design as a mechani-
cal fastener similar to those found in turbine engines or aerospace 
structures (for example dovetails in turbine blades or landing gear 
fittings)2, we constructed a series of biomimetic composites with ellip-
tical geometry and laminated microstructure. We tested these (under 
tensile loading) and compared them with chopped carbon strand 
and polymer-based blades along with a standard aerospace fastener  
(a Hi-Lok fastener that is used to join, for example, aluminium–carbon 
composite structures). Subsequent evaluation of strain distribution 
and strength, as well as energy dissipation (Fig. 4g and Extended Data 
Fig. 10), demonstrated that the composite blades mimicking the DIB 
suture are slightly stronger (about 19 ± 1.08 MPa ) than current engi-
neering fasteners (about 18 ± 0.73 MPa), yet demonstrate a substantial 
increase (more than 100%) in energy dissipation during displacement 
(158.0 ± 30.4 MPa mm versus 76.5 ± 1.4 MPa mm). DIC demonstrates a 
uniform distribution of stress within the blade (Fig. 4h), with localized 
delamination providing a means to avoid catastrophic failure at the 
neck, which occurs in both controls (that is, chopped carbon strand and 
polymer-based blades). The Hi-Lok fastener demonstrates a localized 
strain distribution around the pin connection and results in failure and 
separation of the plates. However, the laminated microstructure within 
the composite blade exhibits a more gradual failure, as delamination 
within the blade causes the neck of the structure to expand laterally, 
locking the structure instead of fracturing or narrowing and elongat-
ing before failure.

These designs could be useful in joining other dissimilar engineer-
ing materials such as plastics and metals. Such materials are currently 
joined by mechanical fastening, which adds weight and introduces 
stress concentrators that degrade the strength and can lead to fatigue 
issues, corrosion and early failure. There is considerable potential 
for further improvement of these interdigitated interfaces by tuning 
material parameters, which is being pursued.
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Conclusions
Our studies reveal interfacial features in the elytra of P. diabolicus that 
assist the organism to withstand predation and other external loads. 
At the macroscale, the exoskeleton incorporates architecturally varied 
lateral supports, which yield stiffness gradients that protect vital organs 
and distribute load uniformly throughout the elytra. Further struc-
tural analysis and mechanical characterization of the elytra, coupled 
with FE simulations, highlight the benefits of geometry, number and 
microstructural features of an interdigitated suture. The ellipsoidal 
geometry and 25° contact angle between these sutural blades provide 
mechanical interlocking and diminish contact stress as compared with 
hemispherical and triangular analogues. Furthermore, a laminated 
microstructure provides toughening through delamination and fibre 
bridging at critical strains, avoiding catastrophic failure in the neck. A 
parametric study of blades, combining 3D printing and FE simulations, 
reveals that two blades provide the greatest toughness, whereas stress 
distribution, stiffness and peak load seem to be maximized with four 
blades. Biomimetic composites fabricated to mimic the DIB suture 
geometry and microstructure demonstrate an immediate benefit 
over aviation fasteners, providing enhanced strength and substantial 
increased toughness.
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Fig. 4 | Role of microstructure in toughening of the medial suture.  
a, False-coloured SEM image of uncompressed transverse cross-section from 
the elytra of P. diabolicus. Bl, blades; St, stops. Inset, entire cross-section of 
uncompressed elytra. b, Laminated microstructure of blades before (top) and 
after (bottom) loading. c, Charge contrast and false-coloured SEM micrograph 
of compressed elytra, indicating crack initiation around blade regions 
depicted in a. Inset, entire cross-section of compressed elytra. d, CT 
reconstruction of fractured suture, revealing multiple failure points  
(yellow arrows), including fibre bridging and delamination in the structure.  
e, Comparison between normalized peak load and toughness of 3D-printed 
laminated blades with the angle θ set to 15°, 25° and 50°. f, Top, Lagrangian 

strain distribution using DIC, under tensile loading, of 3D-printed laminated 
blades with θ equal to 25°, showing strain developing within the blade and 
subsequent delamination. Bottom, FE simulations showing delamination and 
strain distribution. g, Ashby plot showing the strength and energy absorbance 
of composite-metal interfaces joined by laminated carbon fibre blades 
(‘Multilayered’), randomly oriented chopped carbon fibre blades (‘Random 
fibre’) and titanium-based engineering fasteners. h, DIC showing variations in 
strain during tensile testing of composite-metal interfaces and revealing 
toughening mechanisms in laminated blades. i, Suture-like designs used in 
turbine blades.
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Methods

Specimen handling and sample preparation
Research specimens: live specimens of P. diabolicus (0.43 ± 0.13 g; 
21.3 ± 3.7 mm length; 5.3 ± 1.1 mm height), A. verrucosus, E. grandicollis 
and C. muricata were acquired from the University of California River-
side campus and a series of local collectors. Before experimentation, 
beetles were housed in a terrarium at room temperature (25 °C). Elytra 
were obtained from recently killed specimens. For optical characteri-
zation, samples were embedded in epoxy resin (System 1618, Polymer 
Composites), sectioned using a Techcut 4 low speed saw with a diamond 
blade (Allied), and polished progressively down to a 0.05 μm rough-
ness with diamond abrasive (Allied). Cross-sections were obtained in 
transverse and longitudinal directions. Fractured samples of the elytra 
were prepared by breaking with forceps.

Mechanical testing
Exoskeletal compression tests were conducted on euthanized and 
dehydrated samples using a Bose ElectroForce 3200 Series III Test 
Instrument at a rate of 0.01 mm s−1 between two steel plates. Samples 
were tested until failure of the exoskeleton (fracture of the suture) and 
the peak load was measured. Five samples of each species of beetle 
were tested. Compression tests were conducted on selected 2 mm 
cross-sections obtained from recently deceased specimens by using 
a Techcut 4 low-speed saw with a diamond blade (Allied). The sections 
were distinguished by the varying lateral supports of P. diabolicus. 
Samples from each section were compressed with a Bose ElectroForce 
3200 Series III Test Instrument at a rate of 0.01 mm s−1.

Micro computed tomography
Micro-CT scans were conducted at the Advanced Light Source at Law-
rence Berkeley National Laboratory (BL 8.3.2). Samples were imaged 
(continuous mode, 1,025 projections, 180° rotation) with a monochro-
matic X-ray energy of 17 keV with a 10 mm distance from sample to 
scintillator and a 700 ms exposure. The 1× and 10× objectives were 
used, resulting in a pixel size of 6.5 μm and 0.65 μm, respectively.  
Volumes were reconstructed using the Xi cam software developed at 
the Advanced Light Source facility.

Full specimens were studied using X-ray micro-tomography in a 
SkyScan 1076 at 250 μA and 40 kV with no filter. N-Recon Software 
(Bruker) was used for reconstruction. Scans were visualized using CT 
Vox (Bruker) and Amira (Thermo Fisher Scientific).

Organic component analyses
Elytra obtained from P. diabolicus and T. dichotomus were dried at 60 °C 
for 24 h and were weighed. Lipids were extracted from dried elytra with 
1 ml of ethyl ether for 24 h at room temperature. This treatment was 
repeated three times. After removal of solvent, elytra were dried for 3 h 
and were then weighed. The elytra were deproteinized in a 1 M sodium 
hydroxide solution for 1 h at 85 °C. This was repeated several times 
until the protein concentration in the extracted solution was below 
the detectable limits of a BCA assay. The resulting elytra, which had a 
white colour, were dried for 24 h at 60 °C. The weight was determined 
as the chitin content in the elytra. Lipid content was calculated from 
the difference of weights between untreated dried elytra and dried 
elytra after lipid extraction. Protein content was determined from the 
difference in weight between dried elytra after lipid extraction and 
dried deproteinized elytra. Differences in protein profiles between  
P. diabolicus and T. dichotomus elytra can be seen in Supplementary 
Fig. 1.

Scanning electron microscopy
Fractured and polished samples were sputter-coated with platinum/
palladium (Cressington 108 Auto, CFAMM UCR) and examined in the 
SEM (Philips XL 30, CFAMM UCR).

Nanoindentation
Mechanical properties used in FE modelling were obtained from 
nanoindentation of the beetle cuticle. Recently deceased samples 
were embedded in epoxy (System 1618, Polymer Composites) cut to a 
5 mm thickness, adhered to a steel AFM puck and polished to 0.05 μm 
roughness. Indentation was performed on polished flat cross-sections 
of the exoskeleton at room temperature with a TI 950 Triboindenter 
(Hysitron). Detailed indentation maps were performed using a low load 
transducer with a Berkovich tip. Indentation maps were performed in 
the regions of interest. Displacement controlled tests were performed 
to a 300 nm depth of nanoindenter tip and a load function consisting 
of a 5 s load, followed by a 2 s hold and a 5 s unload. Values for reduced 
elastic modulus and hardness were calculated by the Oliver and Pharr 
method. Spatial maps of reduced modulus and hardness were subse-
quently plotted with the scatter function in MATLAB (MathWorks).

Topography and roughness
Surface roughness and topography maps of the elytra were obtained for 
P. diabolicus and T. dichotomus by using the scan mode in the VK-X150 
(Keyence) 3D laser scanning microscope with an objective lens (10×). 
Results from the scans can be seen in Supplementary Fig. 2.

FE modelling of elytra and 3D laminated samples
2D sections. 2D optical images of a transverse cross-section of the DIB 
showing the medial sutures and the lateral supports were digitized 
in the FE software Abaqus for its analysis. The models were meshed 
using 65,217 four-node plane strain elements (CPE4 in Abaqus). An 
elastic–plastic model was assumed for the simulations with a Young’s 
modulus E = 9.45 ± 3.16 GPa, obtained from nanoindentation (Extended 
Data Fig. 2); Poisson’s ratio ν = 0.3; and a plasticity power law following 
σ = σy(E/σy)μεμ, where σy and μ were inversely calculated from the experi-
mental data corresponding to 100 and 0.1, respectively. The models 
were compressed between two rigid analytical surfaces. The contact 
between the plates and the sections of the elytra was assumed friction-
less and rigid (that is, no penetration is allowed). The bottom surface 
was assumed fixed, while displacement control was applied to the top 
surface. Force–displacement curves were obtained by by measuring 
from a reference point located in the top surface. The same model was 
using for comparing the medial sutures of different beetles. In this case, 
the medial sutures of C. muricata, A. verrucosus and E. grandicollis were 
digitized with Abaqus and scaled to fit in the cross-section of the DIB; 
the other simulation parameters were kept constant.

Abdomen 3D model. 3D micro-CT scans of the entire abdomen of 
the DIB were used to create the 3D CAD geometries and meshed using 
Amira. Both geometry and meshes were transferred to Abaqus for 
further analysis. The entire abdomen consists of 1,458,337 linear tetra-
hedral elements (C3D4 in Abaqus). Material is assumed to be elastic with 
Young’s modulus E = 9.45 ± 3.16 GPa and Poisson’s ratio ν = 0.3 (Extended 
Data Fig. 2). The abdomen model is then compressed between two rigid 
analytical surfaces. The bottom surface is fixed, and displacement 
control is applied to the top surface. The contact between the rigid 
plates and the abdominal parts was assumed to be frictionless and rigid.

3D printing and mechanical testing of blades. 3D-printed sam-
ples were fabricated by a Formlabs Form 2 stereolithography printer 
and their proprietary tough resin (TOTL04) at a layer thickness of 
0.05 mm with a final part geometry of 40 × 55 × 5 mm. The samples were 
post-cured under a 405 nm light at 60 °C for 120 min, according to man-
ufacturer specifications. Tensile tests were conducted on an Instron 
5969 Dual Column Testing System in accordance with adapted ASTM 
D638 standards and at a rate of 0.05 mm s−1. Mechanical properties for 
the resin samples were obtained by tensile tests conforming to ASTM 
D638 standards; (N = 5), E = 1.7 ± 0.1 GPa, σ = 34 ± 1.9 MPa (mean ± s.d.).
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Parametric blade modelling. 2D FE models of the 3D-printed blade 
specimens were developed by using Abaqus. The material is assumed 
to be elastic–perfectly plastic with E = 1,700 MPa, ν = 0.22, σy = 34 MPa 
and the fracture strain εf = 0.35. The material properties for resin were 
adopted from the previous section. For all jigsaw blades, displacement 
load-control is applied on the top surface of the female part, and the 
bottom surface in the male part is fixed against displacements and 
rotations.

3D printing and mechanical testing of laminated blades. Tensile 
tests were conducted on the 3D-printed samples of blades inspired by 
the ironclad beetle macro- and microstructures. 3D-printed samples 
were fabricated by a Connex 350 3D printer with two base materials. The 
3D-printed samples contain layers of VeroWhite (thickness of 1.2 mm) 
connected by TangoBlack interfaces (thickness of 0.6 mm). Three dif-
ferent models were developed and tested by varying the angle θ to 
15°, 25° and 50° (Extended Data Fig. 9). The out-of-plane thickness of 
all samples was equal to 12 mm. The tensile tests were conducted on 
the MTS Testing System along with DIC in accordance with ASTM D638 
standards. Test were conducted at a rate of 0.05 mm s−1 for all samples.

Modelling laminated blades
A 3D FE model of jigsaw-puzzle-like blade, similar to the 3D-printed 
laminated samples in previous section, was developed for θ = 25° in 
Abaqus (Extended Data Fig. 8a, and Fig. 4f. The model consists of alter-
nating layers of VeroWhite and TangoBlack polymer. The VeroWhite 
characteristics are taken from the ASTM D638 standards. The Tango-
Black polymer is characterized by performing three tests: (i) tensile 
tests; (ii) double cantilever beam (DCB) tests using ASTM D5528 to 
obtain the mode-I properties; and (iii) end notch flexure tests (ENF) 
using ASTM D7905 to characterize the mode-II behaviour. By using 
the force–displacement curves from these experiments and reverse 
engineering from FE simulations, we were able to obtain the material 
properties of both polymers. In our simulations, the VeroWhite poly-
mer is assumed to be elastic–perfectly plastic with Young’s modulus 
E = 950 MPa, ν = 0.22, σy = 60 MPa and εf = 0.35. The TangoBlack polymer 
is modelled using the traction-separation law model and the normal 
stress σmax = 2.0 MPa with mode-I energy, GI = 2 MPa m, and the shear 
stress τmax = 0.65 MPa, with mode-II energy equal to GII = 0.6 MPa m. The 
boundary and loading conditions are similar to those described in the 
previous section. The material properties obtained for TangoBlack 
and VeroWhite were used in the FE simulations (Extended Data Fig. 9).

The 3D-printed samples were fabricated with Connex 350 and cured 
for a week after the print in accordance with the manufacturer’s speci-
fications. We carried out tensile tests on dogbone coupon samples 
made of VeroWhite and TangoBlack in accordance with ASTM D638 
and at a rate of 0.05 mm s−1, which was deemed to be slow enough to 
avoid strain-rate dependence of the polymers. Since the TangoBlack 
is used as an adhesive to connect VeroWhite layers in the puzzle-like 
blades (Extended Data Fig. 9b), we conducted two types of experiment 
(DCB and ENF tests) to characterize the fracture properties. The DCB 
sample consists of two VeroWhite rectangular plates with a TangoBlack 
midplane acting as the adhesive. The geometry and test set-up fol-
lowed ASTM D5528. Opening forces are applied to the end of the DCB 
specimen through a special tab that was bonded near the ends of the 
specimen. The load is applied by controlling the crosshead movement 
of the MTS tensile testing machine, while the load and delamination 
length are recorded.

While the DCB samples were used to characterize the mode-I energy 
release rate, ENF provides the mode-II energy release rate. The ENF 
samples were 3D-printed based on ASTM D7905, and consists of two 
rectangular, uniform thickness VeroWhite plates with the TangoBlack 

adhesive as the midplane. The specimen is then subjected to three-point 
bending using displacement control. The results from the load–dis-
placement curves enabled calculation of mode-II energy-release rates 
through an iterative process using FE analysis to determine the main 
cohesive properties.

Biomimetic composite blade fabrication and testing
Composite blade samples used a 25° contact angle between seg-
ments and were manufactured using 85 g per square metre uni-
directional carbon fibre pre-impregnated with toughened epoxy 
(AX-6201XL-C-85GT700-24″ RC34, Axiom). The lay-up architecture 
consisted of 30 layers of unidirectional fibre, circumferentially wrapped 
around a core of chopped graphite fibre (571-A, Fibreglast). The final 
dimensions were 8 × 45 × 49 mm3.

Two additional sets of biomimetic blades were fabricated: (i) ran-
domly oriented composite blades were fabricated from 1/4″ chopped 
graphite fibre (50 vol%, 571-A, Fibreglast) and epoxy (System 1618, 
Polymer Composites) and (ii) epoxy blades (no fibre reinforcement) 
were fabricated using epoxy resin (System 1618, Polymer Composites). 
Both sets were cured in a custom mould for consistent dimensions. 
Finally, a female fixture was machined out of aluminium 6061-T6.

Mechanically fastened samples used titanium Hi-Lok Pins 
(HL10VAZ6-3) fastened by aluminium Hi-Lok Collar (HL79-62024) to 
secure a quasi-isotropic 3k (that is, 3,000 filament) 13-ply plain weave 
panel to an aluminium 6061-T6 plate. All samples were sectioned to 
meet the dimensional standards with four duplicates of each produced 
for statistics of mechanical testing and structural characterization.

Tensile tests were conducted with the MTS tensile testing machine 
on blade samples composed of epoxy, randomly orientated 
chopped-strand graphite fibre, laminated carbon fibre as well as Hi-Lok 
fastened samples. All the tests were conducted at a rate of 0.01 mm s−1 to 
satisfy the quasi-static loading condition. The DIC method is also used 
during the experiments for better insight into the failure mechanism 
of each system. Tests were continued until full separation occurred.

Data availability
The data that support the findings of this study are available from the 
corresponding author on reasonable request. Source data are provided 
with this paper.
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Extended Data Fig. 1 | Compression results for beetles tested. a, Force 
versus displacement curves for all samples tested in compression, N = 5. Inset, 
image of compression test apparatus, with recently deceased sample mounted 
between two parallel steel plates. Scale bar, 5 mm. b, False-coloured SEM 
micrograph of fractured cross-section of the elytra, highlighting leaf-like setae 
(Se, green), epicuticle (red), exocuticle (Ex, yellow), endocuticle (En, blue), 

trabecula (Tr, orange) and haemolymph space (HS, violet). c, SEM micrograph 
of fractured exocuticle (yellow box in a), showing through-ply thickness fibres. 
d, SEM micrograph of endocuticle (purple box in a), revealing pseudo- 
helicoidal fibre orientation. e, Micro-CT reconstruction of elytra revealing 
internal pore canal network that leads to internal network of haemolymph 
space (highlighted in purple).
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Extended Data Fig. 2 | Indentation analysis of the endocuticle of  
P. diabolicus. a, Cross-section of P. diabolicus highlighting the exo- and 
endocuticle of the elytra. b, High-resolution surface map of exo- and 
endocuticle obtained with a Berkovich tip, indicating the reduced elastic 

modulus and hardness results from the elytra. c, d, Plots showing the variation 
between the reduced elastic modulus (c) and hardness (d) of the exo- and 
endocuticle.



Extended Data Fig. 3 | Variations in macro- and microstructures in desert 
beetles and a flying beetle. a–u, Column 1: overview of insect; column 2: elytra 
of organism; column 3: cross-sections (scale bars, 1 mm); column 4: suture that 
binds the two elytra (scale bars, 100 μm); column 5: lateral support interfacing 

elytra to the ventral cuticle (scale bars, 100 μm). Rows (top to bottom):  
a–e, P. diabolicus, f–j, A. verrucosus, k–o, C. muricata, p–t, E. grandicollis,  
u–x, T. dichotomus (scale bars in columns 1 and 2, 5 mm).
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Extended Data Fig. 4 | FE models of elytra under compression. a, Model of 
the elytra and abdomen. b, Initial displacement of the elytra showing principal 
stresses at contact location. c, Increased displacement of elytra showing the 
distribution of principal stresses. d–h, Cross sections of c highlight principal 
stresses at first lateral support (d), second lateral support (e, f), third lateral 

support (g) and repetition of second support at the posterior of the abdomen 
to prevent collapse of the elytra (h). i, FE model of cross-section under 
compression. j, FE model of suture region, indicating the dominance of tensile 
forces while under load. Applied compressive displacement of 0.5 mm.



Extended Data Fig. 5 | Frictional microtrichia located at the interfaces 
between the elytra and ventral cuticle. a, CT scans, highlighting three 
distinct internal regions. b, c, CT scan cross-section of the second support (b), 
with magnification (c) indicating the interface between the elytra and ventral 

cuticle. d–g, SEM micrograph (d) of the elytra interface, indicating 
microtrichia (e) that provide frictional contact between d and f, the ventral 
cuticle with its surface (g) also coated with microtrichia.
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Extended Data Fig. 6 | Mechanical response on increasing the number of 
blades. a, Parametric tensile samples, inspired by the natural system, with one 
to five blades. b, Comparison between normalized peak load, stiffness and 
toughness from 3D-printed tensile experiments and simulations. c, FE tensile 

simulations of sutural quantity variation, showing stress distribution based on 
number of elements. d, FE models showing maximum strain in blades 
subjected to tensile loads.
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Extended Data Fig. 7 | Mechanical response of suture with increasing 
number of blades but constant contact area between elements. a, Printed 
samples produced for mechanical testing. b, FE models showing maximum 

strain in blades subjected to tensile loads. c, Representative load versus 
displacement curves for tested samples.



Article

Extended Data Fig. 8 | Tensile and compressive stresses as a function of 
number of blades. a–e, First row: maximum principal stress contours for one 
(a), two (b), three (c), four (d) and five (e) blades at the point of maximum load. 
Second row: highlighted stress within the central blade for each set of 
experiments in the top row. Third row: distribution of the principal directions 
associated with the maximum principal stress. f–j, First row: minimum 

principal stress contours for one (f), two (g), three (h), four (i) and five ( j) blades 
at the point of maximum load. Second row: highlighted stress within the 
central blade for each set of experiments in the row above. Third row: 
distribution of the principal directions associated with the minimum principal 
stress.



Extended Data Fig. 9 | Additive manufactured laminated blades. a, Three 
different jigsaw geometries developed by varying θ to 15°, 25° and 50°.  
b, Multi-material additively manufactured jigsaw blades containing 
1.2-mm-thick VeroWhite layers bonded together with 0.6-mm-thick 

TangoBlack Plus. Inset shows the architecture inside each blade. c, Tensile tests 
of 3D-printed specimens with DIC, indicating localized strain that leads to 
failure mechanisms including pull-out, delamination and fracture.



Article

Extended Data Fig. 10 | Tensile test of composite blades and engineering 
fasteners. a–d, Images of sample (left); DIC of strained sample (centre); and 
DIC of fractured sample (right). a, Composite blade composed of 
circumferentially laminated pre-impregnated carbon fibre with a core made of 
chopped graphite fibre plus epoxy. b, Composite blade composed of 

unoriented chopped-strand graphite fibres in an epoxy matrix. c, Epoxy blade. 
d, Titanium Hi-Lok fastener binding a plane-weave carbon fibre epoxy panel to 
a 6061-aluminium plate. e, Stress versus displacement curves indicating the 
tensile response of the laminated blades (from a) and engineering fastener 
(from d). f, Energy absorbed by each composite before failure.
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