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A natural impact-resistant bicontinuous
composite nanoparticle coating

Wei Huang'?, Mehdi Shishehbor ®3, Nicolas Guarin-Zapata®3, Nathan D. Kirchhofer®4, Jason Li?,
Luz Cruz®, Taifeng Wang®, Sanjit Bhowmick®, Douglas Stauffer®¢, Praveena Manimunda®¢,
Krassimir N. Bozhilov’, Roy Caldwell, Pablo Zavattieri® and David Kisailus ©"%55<

Nature utilizes the available resources to construct lightweight, strong and tough materials under constrained environmental
conditions. The impact surface of the fast-striking dactyl club from the mantis shrimp is an example of one such composite
material; the shrimp has evolved the capability to localize damage and avoid catastrophic failure from high-speed collisions
during its feeding activities. Here we report that the dactyl club of mantis shrimps contains an impact-resistant coating com-
posed of densely packed (about 88 per cent by volume) ~65-nm bicontinuous nanoparticles of hydroxyapatite integrated within
an organic matrix. These mesocrystalline hydroxyapatite nanoparticles are assembled from small, highly aligned nanocrys-
tals. Under impacts of high strain rates (around 10*s™"), particles rotate and translate, whereas the nanocrystalline networks
fracture at low-angle grain boundaries, form dislocations and undergo amorphization. The interpenetrating organic network
provides additional toughening, as well as substantial damping, with a loss coefficient of around 0.02. An unusual combination

of stiffness and damping is therefore achieved, outperforming many engineered materials.

here is an urgent need for light-weight, high-performance
impact-resistant and energy-absorbent materials in many
facets of our society, which include automobile and aero-
space engineering"’. Over the past few decades, natural systems
have proved an incredible resource for the discovery of new mate-
rial designs with broad applications’*. This includes implementa-
tion towards synthetic impact-resistant materials*”*. To this end,
organisms build these natural composites to ensure their survival
against a variety of stresses; this requires clever designs under the
constraints of both a limited material selection and a narrow range
of synthesis conditions™'’. One key consideration in the design
of these natural-based constructs is the effect of strain rate''. For
example, bones in the human body are generally placed under a
quasi-static and fatigue loading, whereas deer antlers with similar
material components face substantially higher strain-rate impacts
(~10%s7") (ref. ). Indeed, the antlers are able to endure multiple
collisions owing to a lower mineral content and a modified design,
which leads to an order-of-magnitude higher energy absorption
under impact versus that of human cortical bone'’. This observa-
tion provides insight into the adaptability of structural materials
within biological systems to environmental stresses over millions
of years of evolution.

One example of a very well studied natural composite is the mol-
lusc shell, which demonstrates a remarkable strength and toughness
to resist crush and penetration damage from predators'*'>. These
mollusc shells are a strong and tough biological armour (up to 40
times tougher than its ceramic constituent'®'"), yet they can still
be fractured through high-strain-rate impacts from the strikes of
a mantis shrimp, Odontodactylus scyllarus (Fig. 1a). Using its dac-
tyl club, a highly developed hammer-like raptorial appendage, this

powerful crustacean can generate up to 1,500 N of force by acceler-
ating the club at over ~10,000¢ (a football player can sustain a con-
cussion at 98¢ (ref. '°)) and speeds of 23 ms™" (ref. 7), well beyond
the limit that the hard mollusc shell can withstand. At the same time,
this feeding behaviour, as well as other daily activities such as ritu-
alized fighting and dwelling construction, necessitates a sufficient
amount of energy dissipation within the dactyl club to maintain
structural integrity for thousands of future impacts'®. The multire-
gional and hierarchical composite structure, as well as the damage
mitigation mechanisms of the dactyl club from the smashing type of
mantis shrimp, have been studied intensively in recent years'”'*-*!.
These studies revealed that a helicoidal arrangement of mineralized
alpha-chitin fibres combined with a herringbone architecture, which
results from a mineralization gradient, can deflect and twist crack
propagation, whereas the striated region, which consists of circum-
ferentially oriented fibres, keeps the club under compression during
impact, and thus, as a system, these parts increase the overall tough-
ness of the clubs'>””. Although the aforementioned studies provide
insights to the mechanisms of toughening in the club, the effects of
multiple high-strain-rate impacts, similar to those encountered in
the native environment of the mantis shrimp, are still not known,
but are of great interest for many engineering applications.

Here we reveal the effects of the high strain rate (~10*s™),
microscale impacts of these biological hammers on the hard shells
of their prey, specifically an ultrathin (~70-um) nanoparticle-based
coating that protects the underlying fibre-based composite struc-
ture from massive contact stresses. Specifically, we uncover the
hierarchical nature of these nanoparticles, demonstrate that the
impact penetration depth is reduced by at least 50% and reveal
multiscale energy dissipation mechanisms that help to mitigate
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Fig. 1| Impact surface of the dactyl club of the mantis shrimp. a, Photograph of a mantis shrimp and its dactyl club, indicated with white arrows.

b,c, Optical micrographs of transverse sections of an intact, intermoulted dactyl club (b) and a damaged moulted club (c). In b and ¢, the impact
surface, impact region and periodic region are depicted. Insets: differential interference contrast images highlighting the intact (b) and worn (c)
surfaces of the clubs. The damaged moulted clubs and intermoulted clubs in five different mantis shrimps were investigated. Similar features were
observed. d, SEM micrograph of a transverse section of an intermoulted dactyl club. Inset: nanoparticles ~60 nm in diameter are found within the
impact surface. e, The TEM micrograph of the nanoparticles confirms the size and volume fraction of the particles in the impact surface (~-88%). Inset:
the selected area electron diffraction indicates the nanoparticles consist, in part, of HAP. f, AFM indentation-depth maps overlaid on 3D topographical
maps of the nanoparticles from the red boxed region in d. Inset: a higher-resolution AFM indentation map reveals that the ~60-nm particles are
composed of smaller grains. Three independent dactyl clubs from three different mantis shrimps were examined with SEM, TEM and AFM. Similar

results to those shown in d-f were observed.

catastrophic failure. Substantial damping (loss coefficient of ~0.02)
while maintaining a high stiffness (elastic modulus of ~58.9 GPa)
was also observed, a rare combination not common in engineered
materials. These findings provide insight towards protecting
a broad variety of structures from multiple high-speed impact
events that will ultimately prevent catastrophic failure and, more
importantly, personal injury.

Nanoparticle-based coating on the surface of a dactyl club

An optical micrograph of a transverse section of the intermoulted
(that is, newly formed) dactyl club (Fig. 1b) highlights three inde-
pendent regions: the outermost ~70-um-thick coating, which we
call the ‘impact surface] consists of highly mineralized hydroxyapa-
tite (HAP) nanoparticles; beneath this is the ‘impact region, which
has a herringbone-like structure of nanocrystalline HAP mineral-
ized chitin fibres; at the core of the club is the ‘periodic region, which
comprises mineralized (amorphous carbonated calcium phosphate)
a-chitin fibres arranged in a helicoidal architecture”. Clearly, the
intermoulted specimen is completely intact, whereas analysis of the
moulted one (that is, heavily used, Fig. 1c) reveals that the outer-
most impact surface is substantially worn, which suggests loss of the
particulate material from high contact stresses during thousands of
impacts. Differential interference contrast optical micrographs (Fig.
1b,c insets) highlight the roughened surface of the moulted sample,
which further suggests a potential source of energy dissipation in
the club, via particle translation and ablation. Additional character-
ization of a transverse section from a fresh, intermoulted dactyl club
via scanning electron microscopy (SEM; Fig. 1d) shows the three
distinct regions and highlights the nanoparticulate nature of the
impact surface (Fig. 1d inset). These densely packed sub-100-nm
nanoparticles, appear as aggregates. Transmission electron micros-
copy (TEM) of a coronal section of the impact surface validates that
the particles (~65.5 + 15.4nm) are, indeed, crystalline HAP (Fig. le).

NATURE MATERIALS | VOL 19 | NOVEMBER 2020 | 1236-1243 | www.nature.com/naturematerials

Quantitative bimodal atomic force microscopy (AFM) imaging
of a transverse section was used to obtain a topographical map of
this particulate region, which revealed a similar indentation profile
among particles (Fig. 1f). A higher-resolution indentation depth
map (Fig. 1f inset) shows different nanoscale features within a
single particle. Previous work suggests that particles in the impact
surface region are single crystalline”. However, high-resolution
TEM (HRTEM) indicates that these ~65nm ‘single’ crystals con-
sist of smaller (~15.9+5.2nm) primary grains (outlined in yellow
in Fig. 2a) that show a preferred orientation within each second-
ary particle (Extended Data Fig. 1). Comparison of the AFM and
TEM images of the impact surface corroborates the average par-
ticle size (~65.5+15.4nm) and the relatively high packing density
(~88vol%). Fast Fourier transform (FFT) analysis of the micro-
graph in Fig. 2a confirms that the secondary particles are not sin-
gle crystals, nor randomly oriented polycrystals, but rather highly
aligned primary grains, probably formed via an oriented attachment
process™”'. Higher-resolution imaging (Fig. 2b) of a few primary
grains along with FFT analysis of two adjacent grains clearly indi-
cate a slight misalignment of the (100) planes. A high-resolution
bright-field image (Fig. 2b inset) of the interface between two grains
reveals a low-angle (~1.5°) grain boundary between adjacent pri-
mary grains (Fig. 2¢).

Closer observation within both secondary and primary par-
ticles revealed regions (~3-4nm) of lower contrast (red arrows
in Fig. 2a,b), which suggests the existence of a secondary phase.
Phase-contrast maps acquired by AFM (Fig. 2d) further indicate
the presence of two different, and probably interpenetrating, mate-
rials within this particle system. Specifically, HAP was identified
as the mineral phase and a second, organic phase, which probably
consists of a hydrated chitin and protein mixture, was revealed'”*.
Fourier transform infrared spectroscopy of the particles confirmed
the presence of this hydrated organic phase, and thermogravimetry
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Fig. 2 | Nanoarchitectural design features of particles within the impact surface of the dactyl club. a, Primary grains were found assembled within a single

~60 nm secondary particle. The white dots marked with red arrows suggest a second phase. Inset: the arcs in the FFT pattern indicate the misalignment of
primary grains. b, Grain boundaries of adjacent grains, indicated by FFT spectroscopy. Inset: HRTEM demonstrating the disordered grain boundary adjacent to
the (100) planes of HAP crystals. The second phase found in a is outlined in green. ¢, Misalignment (~1.5°) of two adjacent grains. d, AFM phase map of a coronal
section of the impact surface showing the network of two different phases. The angle (colour scale) refers to the phase change/lag during the AFM tests. The
phase change thus reflects changes in mechanical properties. Inset: high-resolution image illustrating the two different phases. e, HRTEM of stained samples
showing chitin molecules surrounding a HAP crystal lattice. Proteins are stained as dark spots. Inset: FFT pattern of the chitin-wrapped HAP nanoparticles.
Diffraction spots represent HAP crystals and the broad diffuse ring represents the chitin macromolecules. f, HRTEM image shows the organic network within

the HAP crystalline network. The green dashed lines indicate areas that have organic phase, as suggested by the expanded d spacings of the lattice. Inset: FFT
pattern. g, HRTEM of HAP particles after heat treatment at 800 °C. h, Schematic of the dactyl club highlighting the impact surface and illustrating its location and
hierarchical nature. From left to right: drawing of the dactyl club, with the transverse cutaway highlighted in colour; impact surface and impact region from the
transverse section; HAP nanoparticles embedded in an organic matrix on the impact surface; bicontinuous network of the HAP nanoparticles within an organic
phase (bottom); oriented attachment of HAP nanocrystals, in which the lattice mismatch and organics embedded within the HAP crystal lattice are illustrated
(top). Three independent dactyl clubs from three different mantis shrimps were examined with nanostructures similar to those shown in a-g.

(TGA) and differential scanning calorimetry (DSC) indicated that to HAP nanocrystals, and proteins (indicated by high contrast
the weight fraction of the organic phase was ~17% (Supplementary stains in Fig. 2¢) appear colocated with the chitin molecules, which
Fig. 1). Additional TEM analysis revealed chitin molecules adjacent ~ suggests their role in assisting the biomineralization process
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Fig. 3 | Effects of high-strain-rate microimpact tests, damping behaviour and energy dissipation of the impact surface of the dactyl club. a, The schematic
highlights the regions interrogated by the impact tests: the impact surface (top) and impact region (bottom) of the dactyl club. b-g, SEM micrographs of
damaged surfaces after microimpacts. b,¢, Impacts from a blunt spherical indenter head on the impact surface (b) and the impact region (c). d,e, Surfaces
after multiple (that is, 100) impacts on the impact surface (d) and the impact region (e). f,g, Impact damage areas from a sharp cube-corner indenter

head on the impact surface (f) and the impact region (g). R; is the indentation area and Ry is the actual damaged area on the indentation surface. SEM of
the damage areas in three independent tests show similar results to those shown in b-g. h, Plots of penetration depth versus the number of impacts during
the multiple impact tests. Inset: the table shows the impact depth as a function of impact load on both the impact surface and the impact region for the
initial impact. i, Relationship of the damage area versus penetration depth of various engineering and biological materials subjected to a high-strain-rate
impact. Under the same impact conditions, the impact surface of the dactyl club shows the smallest penetration depth and damage area. n=3 independent
locations tested in each material. j, Plot of the storage modulus and tan & as a function of dynamic frequency (acquired from nanoDMA testing) for both
the impact surface (top) and the impact region (bottom). n=6 independent locations within the two different biological independent specimens tested.

i,j, Data are presented as mean values +s.d.

(Fig. 2e and Extended Data Fig. 2)*>¥. Closer observation of the
lighter-contrasted regions in the mineral showed the presence of
a strained (100) HAP lattice (Fig. 2f), which indicates the poten-
tial effect of occluded organics. Observations of organic net-
works, incorporated during the biomineralization process, inside
inorganic biogenic crystals have been reported previously**.
Here we found that the interpenetrating organic phase can also
affect atomic packing within the HAP crystal and induce lat-
tice distortions, as reported in a calcite-protein system*. To bet-
ter understand the distribution of inorganic and organic phases,
particles were annealed in air at 800°C to remove organics. Even
after annealing at a high temperature, the particles remained intact,
albeit without the organic phase (Supplementary Fig. 2). HRTEM
imaging (Fig. 2g) revealed that particles consist of an interpen-
etrating, bicontinuous network of organic and inorganic phases,

NATURE MATERIALS | VOL 19 | NOVEMBER 2020 | 1236-1243 | www.nature.com/naturematerials

which resemble bicontinuous copolymer nanoparticles reported
previously’. The three-dimensional (3D) bicontinuous network
within the particles was further confirmed via a series of TEM
images collected at different tilt angles (Supplementary Video 1).
Furthermore, by removing the organic phase, the distortion of the
(100) lattice disappeared (Supplementary Fig. 2), which validates
the existence of the interpenetrating organic network.

The inorganic component, calcium phosphate, has a low solu-
bility under biological synthetic conditions (room temperature and
near-neutral pH)** and thus reduction of the free energy in this sys-
tem probably occurs via particle attachment. In many such biomin-
eralization processes, the organic matrix interacts with mineral
precursors, which dictate the final morphology and polymorph?.
In fact, it is likely that the presence of the organic phase (in this case,
chitin and proteins) guides the pathway by which nanoparticles
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Fig. 4 | Ashby plot of loss coefficient and Young's modulus of synthetic
and natural materials. Loss coefficient and Young's modulus data

of dactyl clubs acquired from nanoindentation and nanoDMA are
incorporated into the plot. GFRP, glass-fibre-reinforced polymer; CFRP,
carbon-fibre-reinforced polymer; PE, polyethylene; PP, polypropylene;
PC, polycarbonate. Inset: loss coefficient data (colour scale) overlaid

on a 3D topographical map of the impact surface acquired from AFM,
which highlights the tan & distribution in HAP and organic phases at the
nanoscale. AFM tests on three independent dactyl clubs shows similar
results. Figure adapted with permission from ref. ¥, Elsevier.

aggregate’ ™, seemingly in a highly controlled manner (that is,

oriented attachment), which enables near-perfect alignment of
neighbouring crystalline domains (Fig. 2h)'”**. The subsequent
interfaces between primary grains are low-angle grain boundar-
ies (~1.5°). These low-angle grain boundaries not only reduce the
free energy of formation for this inorganic network, but can also
potentially provide substantial toughening during impact via their
ability to be fractured at these interfaces, analogous to tempered
glass shattering into small pieces and dissipating large amounts of
energy*. In addition, the organic phases that influence the miner-
alization process can also be occluded within the inorganic crystal,
which provides a substantially higher fracture toughness, hardness,
energy dissipation and damping behaviour®*”*. The addition of
this impact surface, therefore, probably acts as a protective layer for
the underlying impact region (as illustrated in Fig. 2h), and is dis-
cussed in the following sections.

High strain-rate microimpacts and damping behaviour

To understand the response of the composite particle-based coat-
ing of the impact surface during the high-strain-rate-impact feed-
ing activities of the mantis shrimp, microimpact tests (strain rate
~10*s™!) were conducted on dactyl club samples (Fig. 3a), with and
without the protection of this particulate coating (that is, directly
on the impact surface or on the impact region, respectively). Both
spherical and cube corner indenter heads were used in these tests to
mimic the conditions of blunt or sharp contacts the dactyl club might
encounter. The damage fields of the impact surface (Fig. 3b,d,f) and
impact region (Fig. 3¢,e,g) were examined after (1) a single spherical
(blunt) impact (Fig. 3b,c), (2) 100 sequential spherical (blunt) impacts
(Fig. 3d,e) and (3) a single cube-corner (sharp) impact (Fig. 3f,g).
Particle pile-up was observed in the impact surface (Fig. 3b), with
cracks identified in the impact region (Fig. 3c). A similar scenario
occurred in both samples after 100 impacts with the spherical
indenter, but particles were worn off the impact surface (Fig. 3d),
whereas more extensive cracks propagated in the impact region

1240

(Fig. 3e). Different deformation mechanisms were found in samples
impacted with a sharp cube-corner indenter head (Fig. 3f,g). Even at
different loads (1, 10 and 100 mN), the observed penetration depth
of the samples with the impact surface present (the native dactyl
club) was only one-half that measured in the samples without it
(that is, directly on the impact region) (Fig. 3h). Additional strikes
to the impact surface resulted in a gradual increase in the penetra-
tion depth, which included depth fluctuations (black dashed circles
in Fig. 3h) probably due to the rotation and translation of the com-
posite nanoparticles. Conversely, the depth of penetration on the
impact region increased for the first few impacts, but reached a pla-
teau with additional strikes. This can be explained by the different
deformation mechanisms in the impact surface and impact region
under these high-strain-rate microimpacts. The impact surface is
able to localize damage and prevent crack initiation and propaga-
tion during multiple impacts, whereas more cracks are initiated and
propagated in the impact region (that is, without the presence of
a protective nanoparticle coating). The calculated energy absorp-
tion density (that is, energy absorption per volume) of the impact
surface is ~0.237 nJum=>, which is nearly twice the value in nacre
(~0.128 nJum™) under similar high-strain-rate impacts. Figure 3i
provides a comparison of penetration resistance and damage areas
under high-strain-rate impacts in various biological and engineer-
ing structural materials. The impact surface has the smallest damage
area and penetration depth, which indicates the exceptional energy
dissipation efficiency of the dactyl club under high-strain-rate con-
ditions. These findings agree with our hypothesis that the particu-
late layer on the impact surface has a substantial role in preventing
catastrophic failure of the club during thousands of high-strain-rate
impacts. By comparing the damage modes under quasi-static inden-
tation and high-strain-rate impacts, we note that the damage is more
localized under the high-strain-rate impact, whereas more cracks
initiate and propagate between the larger, secondary nanoparticles
in the samples subjected to quasi-static indentation (Extended
Data Fig. 3). Here, it is likely that under a high-strain-rate impact,
chitin and proteins within and between the nanoparticles stiffen,
which leads to the localized failure of the particles and so cracking
between the particles is thus limited**. This strain-rate-dependent
behaviour suggests that the ultrathin biological coating found in the
mantis shrimp dactyl club is designed to avoid catastrophic dam-
age during high-strain-rate impacts and ensure efficient feeding
and thus survival.

In addition to localizing the damage area and preventing crack
propagation, the particulate layer has promising damping effects
to accommodate both a high acceleration and velocity impacts.
The loss coefficient and storage modulus of the impact surface
and impact region were measured using AFM and a nanoin-
denter equipped with nanoscale dynamic mechanical analysis
(nanoDMA III) (Supplementary Figs. 3 and 4). The storage modu-
lus of the impact surface was 58.9 + 8 GPa, with a loss coefficient of
0.02+0.01, whereas the impact region had a modulus 32.6 + 12 GPa,
and a higher loss coefficient of 0.1 +0.07 (Fig. 3j). The Ashby plot of
stiffness and loss coefficient in biological and engineering materials
shows that the loss tangent (tan §) value of both the impact region
and the impact surface are larger than those of most metals and com-
posites with similar stiffnesses (Fig. 4)*'. In the impact surface, this
might be attributed to the bicontinuous nature of the nanoparticles.
As a result, the deceleration in the impact surface occurs faster than
that in aluminium and fused silica, which indicates better damping
properties without sacrificing the stiffness (Supplementary Fig. 5).
Carbon-fibre-reinforced polymers that could be used for automo-
biles and aircraft have a similar stiffness to that of the impact surface
coatings (~70-100 GPa), yet are an order of magnitude lower in loss
coefficient, which suggests the implementation of the design ele-
ments from these coatings could yield improvements in noise and
vibration damping*>*.
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Fig. 5 | Nanoscale energy dissipation mechanisms of the impact surface of the dactyl club. a, Region of contact (coronal plane) for the quasi-static
indentation and microimpact tests. The optical micrograph (bottom) highlights the damaged areas. b, SEM micrograph of the transverse section of the
damaged area after a high-strain-rate impact. Inset: the surface of the impact indicates both large (~60 nm) and small (~10-20 nm) nanoparticles. ¢,

TEM micrograph of the damaged area (red box in b) confirms the presence of ~10-20 nm nanoparticles. Analysis of the selected area electron diffraction
pattern reveals randomly oriented nanocrystals, formed from the fracture of mesocrystalline particles in the high-strain-rate impact (Fig. 1f). d,e, HRTEM
micrograph illustrating the modification of the ordered grains before the impact (d) and after the rotation and translation under the high-strain-rate impact
(e). f, Dislocations (ringed by dashed circles) induced by impact. g, Higher magnification of dislocations (yellow lines) within (211) planes. h,i, Comparison
between perfect (h) and impact-induced amorphization (i) in (211) planes. The observations shown in a-i were made in three independent dactyl club
samples after impact tests. j, Load versus displacement curves of in situ TEM compression of a single nanoparticle. Black, red and blue curves show three
continuous loading cycles of a single particle. Particle fracture is indicated with black arrows. k, Schematic and summary of the nanoscale toughening
mechanisms of impact surface composite nanoparticles from high-strain-rate impacts.

Nanoscale energy dissipation mechanisms

The potential mechanisms of energy dissipation and damping behav-
iour within the nanoparticle-based coatings were evaluated by exam-
ining the region of impacts (highlighted by the green box in Fig. 5a).
Although quasi-static indentation incurred no changes of HAP
particle size and shape (Extended Data Fig. 3i,j), high-strain-rate
impacts (~10*s™") led to a substantial fracture of secondary HAP
particles into smaller (~10-20 nm) primary grains (Fig. 5b,c as well
as Supplementary Fig. 6) and thus dissipated some of the impact
energy. Particle breakage can also be validated via a comparison
of the selected area electron diffraction patterns from specimens
before and after impact, in which intact samples consisted of a meso-
crystalline structure (Extended Data Fig. 1a,b), whereas impacted
samples were pulverized and consisted of randomized grains (Fig.
5c inset). Analysis of the grains in impacted samples via HRTEM
revealed fractured secondary particles with a subsequent random-
ization of the orientations of the resultant primary grains (Fig. 5d,e).
In addition, the high-strain-rate impacts induced crystal imperfec-
tions in HAP crystals: dislocations (via nucleation, glide and anni-
hilation) and regions of amorphization (Fig. 5f-i), which have also
been observed in nacre after high-strain-rate impacts*. We high-
light these changes as additional sources of energy dissipation.
High strain-rate or shock-induced dislocation formation as well as
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amorphization were reported in synthetic and natural ceramics, and
were considered as efficient energy-dissipation mechanisms**.

To quantify the amount of energy absorption by breaking the
secondary particles, in situ TEM compression tests on single HAP
nanoparticles, separated from the club, were performed. The load-
displacement curves are shown in Fig. 5j, in which different loading
cycles are marked in different colours. The plateaus on the curves
indicate cracking events and particle breakage”, which lead to a total
energy dissipation of 6.23 X 10~ n]J until particle failure (Extended
Data Fig. 4). The energy dissipation density is ~4.55 n] um=, which is
an order of magnitude higher than a previously reported bioceramic
armour (~0.29 nJ um~?) (ref. '*). The nanoparticle is able to recover to
its original shape after ~80% compression (Supplementary Video 2).
This large deformation, as well as the ability to recover, is attrib-
uted to the bicontinuous nature of the hydrated organic networks®*.
A schematic shown in Fig. 5k highlights the energy absorption
mechanisms of these nanoparticle coatings under a high-strain-rate
impact. The total energy calculated from the area under the stress—
strain curves is the contribution of plastic deformation from the
organic network as elastic energy is released by crack initiation
and propagation in the HAP mesocrystalline network. In addition,
by implementing the bicontinuous design into the nanoparticle
structures, the stiffness and strength are substantially increased
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Fig. 6 | Molecular dynamic simulations of the energy dissipation in the bicontinuous HAP nanoparticles. a Schematic of the bicontinuous nanoparticles.
b, AFM mapping and MD models of the bicontinuous structure at the nanoscale. Blue and red colours indicate HAP and the organic phase, respectively.
AFM mapping on three independent dactyl clubs shows similar results. ¢, Left: HRTEM of regions of highly oriented, mesocrystalline particles at the

edge of the HAP network are shaded in pink. Right: FFT pattern of a single particle from the HRTEM image. The arc marked with yellow lines shows

the misalignment of the primary particles shown in the pink region (left). The angle that the arc covers is ~12.7°. Similar mesocrytalline structures and
misalignments were observed in three independent dactyl clubs. d, MD model showing the grain boundary between two adjacent HAP single crystals.

e, MD simulation results of the stress-strain curves of the bicontinuous models, which show a strain-rate dependent behaviour. Localized breakage of

the HAP phase occurs at a low strain-rate compression (top, right), whereas uniformly distributed strain is observed at high-strain-rate impacts (bottom,
right). f, Strength and toughness as a function of grain-boundary angle. Data were acquired from three different initial configurations after equilibrium,

and are presented as mean values + s.d.

compared with those of structures with non-integrated phases, such
as traditional composites, which leads to a higher energy absorp-
tion*. The advantages in energy absorption of bicontinuous phases
have been demonstrated in other materials, which include a car-
bon/epoxy system*®. However, these ceramic/polymer bicontinuous
nanostructures occur in biological materials, specifically in struc-
tures that undergo high-strain-rate impacts, which suggests promis-
ing energy absorption capabilities. Researchers have applied block
copolymer and sol-gel methods to realize synthetic pathways to
bicontinuous nanostructures®*. Recently, the 3D printing of resins
that phase separate was successfully used to fabricate large-volume
samples with bicontinuous nanostructures™.

To validate our hypotheses regarding the multiple mechanisms of
energy dissipation, molecular dynamics (MD) simulations were per-
formed to evaluate the mechanical behaviour at two length scales: at
the nanoscale, the strain-rate-dependent behaviour of the bicontin-
uous network was studied; at the atomic scale, the relation between
the angle of the misalignment in the oriented attached particles
and the amount of energy dissipated by breakage of the low-angle
grain boundaries during the high-strain-rate-impact events was
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investigated (Fig. 6). MD models of the HAP crystals with different
grain-boundary angles were created to simulate the mesocrystalline
structure of the impact surface (Fig. 6d). Simulations of the fracture
of the bicontinuous particle suggest that the stiffness and strength
of the nanoparticles increase as the strain rate increases (Fig. 6e).
The deformation of the HAP is more uniform at a higher strain rate,
but more localized at a lower strain rate. These correspond to the
experimental results that under high strain rate impacts, the uni-
form stress distribution and lack of plasticity leads to the fracture
of the bicontinuous particles (Fig. 5d,e). We note that by having
small grain boundaries, the overall strength of the HAP crystals
decreases, but enables fractures to occur at these grain boundar-
ies under a high-strain-rate impact (Fig. 6f). The energy dissipa-
tion density of the grain boundary fracture is ~0.6nJ um=, which
is slightly higher than the overall impact energy absorption density
in the experiments (0.237 nJ um=). This indicates that the breakage
of particles can be the main energy dissipation mechanism under a
high-strain-rate impact. In addition, the amorphization work calcu-
lated via MD simulation is ~0.038 nJ um~, which accounts for ~16%
of the overall impact energy (Supplementary Fig. 7).
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Outlook

This study provides experimental observation as well as compu-
tational validation of the effects of high-strain-rate microscale
impacts on biological composites, specifically the ultrathin
(~70-um) nanoparticulate coatings of a dactyl club. These observa-
tions suggest the bottom-up controlled synthesis of these materi-
als, which is constrained by biological synthetic parameters (that
is, room temperature and limited solubility), can still lead to well
engineered structures via highly orchestrated (that is, kinetically
controlled) growth. Utilization of these mesocrystalline materials,
formed via the oriented attachment around organic networks, not
only can reduce the energy of formation of these particles, but can
also lead to a lower barrier to fracture, which can enable large and
localized energy absorption. By combining the current synthesis
and advanced manufacturing methods with design elements from
these biological structures, potential blueprints for a new genera-
tion of advanced materials with a broad range of application, which
includes impact- and vibration-resistant coatings for buildings,
body armour, aircraft and automobiles, as well as in abrasion- and
impact-resistant wind turbines, can be realized.
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Methods

Sample preparation. Live specimens of O. scyllarus were obtained from a
commercial supplier and maintained in a lab seawater system. The moulting cycles
of the specimens were monitored and recorded. Fresh and intact dactyl clubs were
collected one week after moulting. Heavily damaged clubs were collected from

the moulted specimens. Optical micrographs (Zeiss) were obtained of both intact
and damaged samples via polished cross-sections. Samples were first embedded in
epoxy (System 2000, Fibreglast) and then polished with progressively finer silicon
carbide and diamond abrasives down to 50-nm grit. Fractured samples for SEM
imaging were acquired using a sharpened chisel. An ultramicrotome (RMC MT-X,
Boeckeler Instruments) was utilized to polish sample surfaces, which were further
characterized with nanoindentation, microimpact testing and AFM.

Electron microscopy. Fractured surfaces, microtomed sections and damaged
surfaces of dactyl clubs via quasi-static indentation or high-strain-rate
microimpacts were examined using SEM (TESCAN MIRA3 GMU). Samples were
mounted to aluminium pin mounts and coated with platinum and palladium for
60 s before imaging.

For transmission microscopy imaging, intact fresh dactyl-club specimens were
first fixed using glutaraldehyde (2.5%) aqueous sodium phosphate buffer solution
(0.1M, pH=7.2) for 2h and then washed in deionized water three times for 5min
each. Samples were then serially dehydrated in ethanol and embedded in resin
(Epofix Cold-Setting Embedding Resin, Electron Microscopy Sciences) in silicon
moulds at room temperature overnight. Thin sections (~70nm) were then acquired
by using an ultramicrotome (RMC MT-X, Boeckeler Instruments) and a diamond
knife (PELCO, Ted Pella). The thin sections were then placed on carbon-coated
copper grids for further imaging. Another set of grids with microtomed thin
sections were stained with 1% uranyl acetate solution for 10 min, followed by
rinsing with deionized water three times and drying with filter paper. The samples
were further stained with 0.1% lead citrate for 60s within a CO,-free environment
by putting NaOH pellets in the staining chamber. TEM and HRTEM images were
taken by a FEI Tecnail2 at 120kV and a FEI Titan Themis 300 at 300kV (Thermo
Fisher Scientific), respectively.

Schematics of the nanostructures observed in HRTEM were further generated
with Solidworks 2019 and Vesta 3.4.5.

AFM. Coronal and transverse surfaces were polished via an ultramicrotome.
Quantitative bimodal AFM imaging was performed on both surfaces using a
commercially available Cypher ES AFM (Oxford Instruments Asylum Research).
This technique allowed for the simultaneous tracking of topography, phase and
amplitude using amplitude modulation of the first oscillatory eigenmode of the
cantilever, whereas frequency shift and energy dissipation were tracked with
frequency modulation of the second eigenmode at a much smaller amplitude.
Together, these enabled the calculations of indentation depth, storage modulus
and tan 6 of a sample as previously reported’'~. Briefly, for tan &, the cantilever
resonance frequency and stiffness were calibrated with the GetReal software
protocol, whereas the optical lever sensitivity and absolute phase, ¢y, were

set by fitting a thermal resonance spectrum. After choosing the resonant
frequency amplitude, Ag,,, for the free (non-surface-interacting) cantilever, the
tip—sample interaction amplitude, A,,, and phase, ¢,,, were collected at every
pixel (that is, during imaging) and used to calculate tan & via the equation

Afree sin ¢ —Aine sin ¢y o
Afree €08 ¢y —Aint €OS P .
used (Au reflex coating), and driven with blueDrive photothermal excitation. The
nominal spring constant, first eigenmode resonance and tip radius of this lever are
k=26Nm", f=300kHz and R=7nm, respectively. The experimentally measured
values for this cantilever’s first eigenmode were k, =34.5Nm™, f,=259.3kHz and
R;,=7.7nm. The measured values for the second eigenmode were k,=613.4Nm™'
and f,=1.455 MHz.

tand = in real time. An Olympus AC160TSA-R3 cantilever was

Nanoindentation and nanoDMA. Nanoindentations on both transverse and
coronal polished surfaces of the dactyl clubs were performed using a Hysitron TI-
980 TriboIndenter (Bruker Nano Surfaces) utilizing nanoDMA III. To measure the
composite response of the impact surface coating, a 1-um-diamond-conospherical
probe was selected for testing. Frequency sweep tests were conducted at different
locations on the impact surface and impact region at a fixed normal load (1.5mN)
using the reference frequency technique™*. The probe oscillation frequency was
varied logarithmically from to 100 Hz. Storage (E’), loss modulus (E”) and tan §
were calculated using the equations:

E — ks\/i
2V/A

E//
E'= oG VR tan 6=—- (1)

2VA, E

where k, is the storage stiffness, C, the loss stiffness, @ the frequency and A a
contact area. The tip area function was generated via fused quartz testing in the
usual fashion.

TGA and DSC. HAP nanoparticles were acquired from the impact surface of six
clubs. The HAP powders were then tested with TGA and DSC performed on a

TGA/DSC 3+ Mettler Toledo under flowing air from 25 to 800 °C at a heating
rate of 10°Cmin~". The postannealed particles were further characterized with
SEM and TEM.

Quasi-static indentation and high-strain-rate microimpact tests. Flat

coronal surfaces were prepared by an ultramicrotome, and were further used

in quasi-static nanoindentation and microimpact tests. A TI 950 TriboIndenter
(Bruker) was used to perform the quasi-static nanoindentation tests. Cube-corner
and spherical (tip radius 5um) diamond indenter heads were used during

the tests. Specimens were loaded to 100, 300 and 500 mN. High strain-rate
microimpact tests were conducted on the NanoTest Vantage (Micro Materials).
The impact heads were either cube corner or spherical (tip radius 5pm)

diamond indenter heads, which were the same as those used in the quasi-static
nanoindentation tests. An acceleration distance of 10 um reached the highest
strain rate of ~10*s™'. The impact load was set at 100 mN. Both the impact surface
and the impact region of the dactyl club specimens were tested in quasi-static
indentation and under microimpact. The damaged areas after indentations and
impacts were subsequently imaged by SEM and HRTEM. Nacre, equine hoof,
quartz and carbon-fibre-reinforced composites were purchased from commercial
sources. Samples were embedded in epoxy and polished for further microimpact
tests. The impact testing conditions were the same as those for the tests
performed on the impact surface and impact region. The damaged areas were
further imaged using optical microscopy and SEM. The total impact energy can
be calculated as E = %mvz, where m is the mass of the indenter head and

v is the impact velocity. The total volume of deformation can be estimated from
V = ndR% /3, in which R, is the radius of the damage area and d is the penetration
depth. Thus, the energy absorption density (energy absorption per volume) can
be calculated as E/V. Mechanical test data were processed with Origin 9.0.

In situ TEM compression tests. HAP nanoparticles were acquired by first
scratching a fresh dactyl club surface with a razor blade to obtain the HAP
powders. The powders were then dispersed in deionized water and sonicated
for 4h. The suspension was subsequently centrifuged for 5min at 3,000 r.p.m.
The size of the HAP nanoparticles was confirmed by SEM and dynamic light
scattering (Zetasizer Ultra, Malvern Panalytical Ltd). The supernatant was then
dropped onto a 1 um silicon wedge for further in situ TEM compression tests. A
Hysitron PI 95 TEM Picolndenter (Bruker) was used to perform the compression
tests in a Tecnail2 TEM (Thermo Fisher Scientific) at 120kV. A flat punch
indenter head with a tip diameter of 1 um was used in the compression test.

The loading rate was 1 nms™'.

MD modelling. To understand the effect of grain boundary on the strength

and toughness of HAP, MD simulations were performed using the LAMMPS
package™ and by employing the INTERFACE-CVFF forcefield previously
developed for the structure and elastic modulus of HAP and the results are in
good agreement with the experimental data®. In addition, the strength of HAP
from our simulations is in agreement with those reported values from ab initio
calculations™. In this study, the monoclinic structure of HAP with space group
P21/b and unit cell parameters of 9.421 A x 18.843 A x 6.881 A with a=90°,

P =90°and y =120°, according to the experimental observations, was used”. To
study the grain boundary effect, eight models of HAP bicrystals, that represented
different misorientation angles of #=0, 1, 2, 5, 10, 15, 20 and 30° were generated
(as shown in Fig. 6d for §=10°). For each model, the HAP unit cell was

initially replicated by 95X 4 to obtain a large super cell with dimensions of
84 Ax82A X304, and then the misorientation was generated by rotating the

left and right crystals by —6/2 and +6/2, respectively, around the z axis ([001];
periodicity was retained in the [001] direction). Finally, the atoms on the left and
right crystals were carefully deleted along the x axis ([100]) and y axis ([010])
directions to form an interface and periodicity in those directions, respectively
(the final dimensions of each crystal were 30 Ax30Ax30A). After construction
of the model, the structure was minimized using a steepest-descent method and
then relaxed at 300K and 1atm in NPT (amount of substance (N), pressure (P)
and temperature (T); ensemble for 1 ns, with 1fs time steps (Supplementary

Fig. 8). Then, to maintain periodicity in all directions, a vacuum was added in
the x direction between periodic images by expanding the box size to 60 A. The
structure was then equilibrated at 300K and 1atm for 500 ps in a NPT ensemble
(pressure s only controlled in the y and z directions), and then equilibrated at
300K for another 500 ps in a NVT ensemble (V, volume). After preparation

and equilibration of the bicrystal, a steer MD method with a high stiffness of
500 kcal mol-' A2 and with a constant velocity of 0.025 A ps™! was used to apply
tensile loading to the free boundary atoms of the right crystal (atoms within 5 A
distance from rightmost atoms), while keeping the free boundary atoms of the
left crystal (atoms within 5 A distance from leftmost atoms) fixed. During the
steer MD simulation, the positions of the Ca and P atoms at the boundaries in the
x direction were kept fixed and stress and strain values were recorded to obtain
the strength (maximum stress) and toughness (approximately the area below the
stress—strain curve) for each misorientation (as shown in Fig. 6f). Three different
initial configurations (saved snapshots with 200-ps intervals after equilibrium)
were tested to add statistical variations.
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To calculate the amorphization work in HAP during a high-speed impact,
non-equilibrium MD simulations of shock conditions were performed using
a piston moving along the z axis [001] with constant velocity. The HAP
crystal structure and force field used for shock simulations are the same as
those mentioned above. To have a large sample for shock propagation, the
unit cell was replicated by 3 X2 X 20 to the final approximate dimensions of
30 Ax30Ax200A. As the periodicity cannot be applied in the shock direction,
the dimension of the sample in the shock direction is much larger. The sample
was then minimized using the steepest-descent method and then equilibrated at
300K in the NVT ensemble for 500 ps with 0.5-fs time steps with the periodic
boundary conditions only applied in the [100] and [010] directions (transverse
to the shock propagation). The equilibrated structure checked by observing the
variation of root-mean-square deviation during the simulation. The piston was
then moved along the [001] direction with a velocity up to 5km s associated
with 100 GPa pressure. For the amorphization of HAP under shock compression
and following a recent work for the amorphization of silicon carbide®, the Patel-
Cohen formulation for the effect of pressure and shear stress on amorphization
work was employed:

W =Pe+ 1y (2)

where W is the amorphization work, P the hydrostatic pressure, the
longitudinal strain in the shock direction, 7 the shear stress and y the shear
strain. The simulation results for W and the 7/P ratio at different longitudinal
pressure and snapshots of the initial and final structures after shock propagation
are shown in Supplementary Fig. 8. For the impact stress of ~0.98 GPa in the
current impact tests, the amorphization work and z/P were about ~0.038 GJ m~?
and 1.4, respectively.

To understanding the strain-rate effect on the bicontinuous composite of the
HAP nanoparticle and organic phase, a coarse-grained molecular dynamic model
was used to represent the mechanical behaviour of HAP and the organic phase in a
simple cubic bicontinuous structure (as shown in Fig. 5b with blue and red colours,
respectively). The interaction of coarse-grained beads in HAP and the organic
phase is defined through the Morse potential:

E=D, e—Zrz(r—n)) _ ze—a(r—rg) (3)

where E is the pairwise potential, D, the potential depth, r the distance between
pairs, r, the equilibrium distance between pairs and a a parameter that controls
the width of the potential (the hardness and/or softness of the interaction). The
coarse-grained structure is a face-centred cubic structure with a 1 nm lattice
distance and total dimensions of 20 nm X 20 nm X 20 nm (Fig. 6b). For each bead,
the masses of 450 gmol™' and 150 gmol™' were selected to represent the density of
3.2gecm™ and 1.1 gem™ for HAP and the organic phase, respectively. The values
of D,, r, and a were selected in such a way as to produce the mechanical properties
of HAP as in the Morse potential; the failure strain, maximum force and stiffness
were defined by e,=1n2/(ar,), F,,,=aD,/2 and K=2a’D,, respectively. For the
soft phase, the strength and stiffness were assumed to be one order of magnitude
smaller and the failure strain was assumed to be 50% higher than that of HAP. For
the interaction of the soft phase with HAP, Lorentz-Berthelot mixing rule for D,,
and a was used. After construction of the model, the system was equilibrated at
300K for 500 ps in the NVT ensemble and then equilibrated at 300K and 1.0 atm
for 2ns in the NPT ensemble. The compressive strain with various strain rates
(from 1 to 1 X 10*ps™') was then applied to the system in one direction by changing
the box size, with the pressure kept fixed at 1.0 atm in the other two directions.

It is worth mentioning that the values of the strain rates at molecular scales were
typically higher than those at the macroscale®-**. For example, in a study on

the high-strain-rate tensile testing of silver nanowires, the strain-rate values for
experiments and MD simulations were in the range from 0.0002s™ to 2s™' and
from 10° to 10°s™!, respectively®'. The stress—strain curves for different strain rates
and the deformed structures of HAP nanoparticles at high and low strain rates are
shown in Fig. 6e.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability
All the data that support the findings of this study are provided in the Supplementary
Information and source data. Source data are provided with this paper.
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Extended Data Fig. 1| TEM and HRTEM micrographs of hydroxyapatite (HAP) composite nanoparticles within the impact surface. TEM and HRTEM
micrographs of hydroxyapatite (HAP) composite nanoparticles within the impact surface. a, Secondary HAP nanoparticles marked with red outlines. The
yellow dashed lines show the alignment of primary particles within a single secondary HAP particle. b, SAED pattern from the TEM image in (a). The small
arcs indicate slight mis-alignments of nanocrystals within the secondary particle. ¢, HRTEM image of a single HAP particle, with brighter contrast regions
suggesting the presence of a secondary phase. d, FFT of the particle in (¢). () HRTEM of the (100) lattice in the HAP nanocrystals. Insets: Stacking faults
are observed within primary particles. Three independent dactyl clubs from 3 different mantis shrimps were examined in TEM. Similar results as shown in
(a-e) were observed.
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Chitin
003

Extended Data Fig. 2 | HRTEM of uranyl acetate and lead citrate stained HAP nanoparticles on the impact surface. HRTEM of uranyl acetate and lead
citrate stained HAP nanoparticles on the impact surface. The reduced ordering in protein complexes provide a higher permeability for the heavy metal
staining solution, resulting in greater contrast in the TEM micrograph. a, HRTEM of a HAP nanoparticle, showing chitin macromolecules wrapping around
the HAP crystal. b, FFT of the HAP crystal lattice indicated with a purple box in (a). Both diffraction spots and rings are observed in the FFT pattern.
Inverse Fast Fourier Transform (IFFT) is performed on the diffraction spots and rings, separately. The yellow box (upper, right inset) shows the HAP lattice
after IFFT, while red box (lower, left) shows the location of chitin macromolecules. ¢, HRTEM of a HAP nanoparticle. d, FFT of the HAP nanoparticle in (c).
The (207) reflection from HAP is indicated with a yellow arrow, whereas the (003) planes of chitin (diffraction ring) are highlighted by the green arrow.

e, f, HRTEM showing the interface between chitin macromolecules and a HAP nanocrystal. The (201) crystal planes of HAP appear adjacent with (003)
planes of chitin, suggesting a potential epitaxial growth of HAP on chitin macromolecules. Three independent dactyl clubs from 3 different mantis shrimps
were examined in HRTEM. Similar results as shown in (a-f) were observed.
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Extended Data Fig. 3 | Strain-rate-dependent behaviour in the impact surface of dactyl club. Strain-rate-dependent behaviour in the impact surface of
dactyl club. Load-displacement curves of quasi-static nanoindentation on the impact surface with a sharp cube corner a, and a blunt spherical indenter
head b, c-f, SEM micrographs of the damage modes in quasi-static nanoindentation and impacts with sharp and blunt indenter heads. g, SEM images
showing particle pile up and crack initiation and propagation. h, i, TEM images of HAP nanoparticles after indentation. The secondary HAP particles
remain intact after quasi-static nanoindentation. Quasi-static indentation tests on five independent locations within two different dactyl clubs were
performed and examined. Similar damage modes shown in (c-i) were observed.
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Extended Data Fig. 4 | Insitu compression tests of single HAP nanoparticles. In situ compression tests of single HAP nanoparticles. a-d, HAP
nanoparticle before and after compression tests, indicating particle breakage. Five different nanoparticles were tested. Similar particle breakage was

noticed. e, Load versus displacement curves of different tests. The breakage of particles and energy dissipation events are marked with back arrows.
The total energy dissipation during compression is calculated from the integration of the force-displacement curves.
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