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Does the mantis shrimp pack a phononic shield?
N. A. Alderete1, S. Sandeep2, S. Raetz2, M. Asgari1†, M. Abi Ghanem3*, H. D. Espinosa1*

The powerful strikes generated by the smasher mantis shrimp require it to possess a robust protection
mechanism to withstand the resultant forces. Although recent studies have suggested that phononic
bandgaps complement the mantis shrimp’s defensive suite, direct experimental evidence for this mechanism
has remained elusive. In this work, we explored the phononic properties of the mantis shrimp’s dactyl club
using laser ultrasonic techniques and numerical simulations. Our results demonstrate that the dactyl club’s
periodic region functions as a dispersive, high-quality graded system, exhibiting Bloch harmonics, flat
dispersion branches, ultraslow wave modes, and wide Bragg bandgaps in the lower megahertz range. These
features effectively shield the shrimp from harmful high-frequency stress waves generated by cavitation bubble
collapse events during impact.

A
mong the various notable evolutionary
adaptations displayed by the animal king-
dom (1–6) lies the ability to withstand
high peak forces delivered over short
periods of time (7). Perhaps the most

formidable species that exhibits this capabil-
ity is the renowned peacock mantis shrimp
(Odontodactylus scyllarus), a smasher stoma-
topod native to the Indo-Pacific seabed (Fig. 1A).
Despite its relatively small size (ranging from
3 to 18 cm), this mantis shrimp is known to
execute a well-orchestrated strike sequence
that spans over seven orders of magnitude in
time (from hundreds of milliseconds to nano-
seconds) (8) and reaches peak forces in the
vicinity of ~1500 N (i.e., exceeding 1000 times
its body weight) (9). At the center of this dis-
tinctive attack system is the mantis shrimp’s
dactyl club (Fig. 1B), a hammer-shaped ap-
pendage that impacts the target in less than
50 ms (9) and generates cavitation bubbles that,
upon collapse (8, 10), trigger ultrashort nano-
second shock waves with frequency contents
that can reach hundreds of MHz (11, 12). As
such, each strike delivers a dual blow capable
of breaking hard exoskeletons. Unlike other
natural attack systems, which are used only
once (13), the dactyl club can strike multiple
times in between molting cycles without sus-
taining macroscopic fracture.
A major contributing element to the dactyl

club’s strike power is its hierarchical design,
made from a limited but exquisitely tuned ar-
rangement of mineral and organic materials
(14). Three distinct layers make up the club
from the exterior to the interior: the impact
surface, the impact region, and the periodic
region (Fig. 1C). The impact surface is a hard

(~60 GPa), thin (~70 mm) hydroxyapatite coat-
ing that prevents catastrophic failure by exhib-
iting viscoplasticity and localized damage (15).
Next, the impact region (~500 mm) consists
of mineralized chitin fibers in a herringbone
architecture, which enable damage dissipation
through diffuse cracking, crack arrest, and
crack deflection (14, 16). Last, the periodic re-
gion features a spatially graded Bouligand
arrangement of chitin fiber bundles [~80- to
10-mm pitch (p), 2° to 6° interlayer rotation
angle (y)] (17), which modulates stress wave
propagation during impact, akin to a backing
layer. Together, these region-specific mech-
anisms form a synergistic protection system
that withstands repeatedhigh-intensity impacts
without substantial damage.
It has been proposed that the Bouligand

structure also endows the dactyl club with
shear wave–filtering capabilities in the form of
ultrasonic phononic bandgaps (i.e., select fre-
quency ranges at which the propagation of
elastic energy is forbidden or strongly attenu-
ated) (18). Although phononic bandgaps have
been put forward as an optimized engineering
strategy for prey-predator interactions (19),
experimental evidence of phononic behavior
in nature remains rare, particularly when
compared with the more extensively docu-
mented biophotonic phenomena (20). Nota-
bly, experiments have shown that the scales
covering the wings of certain moth species
have evolved to absorb sound waves, through
local resonance in the 20- to 160-kHz range,
and provide acoustic camouflage against the
echolocating sonar of predatory bats (21).
Motivated by the limited understanding of

the phononics of the dactyl club, we investi-
gated the dispersion characteristics of the
impact and periodic regions across various
acoustic scales by using two optoacoustic set-
ups and finite element analysis (FEA). Specif-
ically, we analyzed surface acousticwave (SAW)
propagation in the MHz range within these
regions using nanosecond and picosecond
pump-probe laser ultrasonics (NLU and PLU,
respectively) setups. Laser ultrasonics tech-

niques were chosen for their ability to generate
nondestructive ultrasonic and hypersonic waves
and for their capacity to spatially interrogate
the sample. The use of SAWs, which combine
longitudinally and transversely polarizedwaves
(with a predominant detection of the latter
due to the technique’s sensitivity to out-of-
plane motion), was particularly suited for this
study. This approach was grounded on the
established notion that helicoidal fiber arrange-
ments primarily influence shear wave propa-
gation while leaving longitudinal waves mostly
unaffected (22). Additionally, studying wave
propagation on the surface of the dactyl club
provided access to distinct local regions, offer-
ing a spatially targeted view of wave phenom-
ena on the club. Selection of the temporal
regime responds to the characteristic length
scales of the periodic region and to the fact
that shrimp impacts contain frequencies in
the ultrasonic range (9), which has led to
shrimp-inspired solutions that point to ultra-
sonic filtering as a key attenuationmechanism
(23). Furthermore, combined access to nano-
second and picosecond scales provides in-
sight into the hierarchy of the periodic region,
from the effective medium scale down to the
individual layers that make up the Bouligand
structure. As such, and in line with the hy-
pothesis of the dactyl club’s phononic capa-
bilities, our experimental measurements and
computational analyses unveiled a complex
phononic landscape, with dispersion effects
stemming from a variety of mechanisms elic-
ited by the multiscale, hierarchical nature of
the dactyl club.

Results
NLU experiments

The phononic spectra of the dactyl club’s im-
pact and periodic regions were first investi-
gated using a time-resolved pump-probe NLU
method called transient grating spectroscopy
(TGS; Fig. 1D). In TGS, two subnanosecond
laser pump pulses are crossed at an angle at
the aluminum-coated surface of the sample,
forming an optical interference pattern (24).
The elicited rapid thermoelastic expansion in
the metal generates counterpropagating SAWs
with an acoustic wavelength (lac) equal to the
spacing of the optical interference fringes. In
the experiment, SAWs were monitored in the
time domain by measuring the diffraction of a
quasi–continuous wave probe beam caused by
the transient vertical displacement of the sur-
face (see materials and methods section S3).
SAW-modes propagating in the xz plane (i.e.,
across or along the Bouligand layers) result in
high-frequency oscillations in the signal. By
varying the acoustic wavelength (Fig. 1D) and
analyzing the spectrumof eachmeasured signal,
the frequency–acoustic wave number (f-k) rela-
tionship can be established, enabling charac-
terization of the material’s phononic dispersion.
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The TGS technique provides access to surface
acoustic phonons with wavelengths ranging
from 6 to 31 mm.
To gain insight into the mechanical proper-

ties of the club, we measured the frequency
variation of SAWs along the z direction at a
fixed acoustic wavelength (lac = 30 mm). We
examined four different spots: one in the im-
pact region (~200 mmfrom the impact–periodic
region interface; blue spot in Fig. 2B) and
three within the periodic region with charac-
teristic pitches of p = 45, 40, and 35 mm (green,
blue, and orange spots in Fig. 2B). We note
that the pitchwithin the periodic region varies
continuously in a gradient fashion and that
the reported pitch values represent an aver-
age periodicity measured over the probed spot
size. Frommeasured frequencies, the variation
in phase velocity of the SAWs was obtained
from vLWSAW ¼ fSAWlac, where LW is long wave-
length, as shown in Fig. 2A. A clear change in
phase velocity was identified from faster to
slower speeds. These results are consistent
with previously reported elastic modulusmea-
surements of 30 to 60 GPa in the impact re-
gion and a lower modulus, ranging from ~10
to 20 GPa, in the periodic region (14).
Next, we performed TGS experiments to ob-

tain dispersion curves for acoustic waves pro-
pagating along the x direction of the sample
(Fig. 2C). The impact region exhibited a dis-
persionless curve with a single SAWmode at
a phase velocity of 2380 m s−1. By contrast,
the periodic region displayed a more complex

behavior, featuring two primary propagating
SAW modes with average phase velocities of
3450 and 1540 m s−1, corresponding to sur-
face skimming longitudinal (SSL) and Ray-
leigh (R) waves, respectively. These velocities
align well with longitudinal and transverse
wave speeds estimated from composite prop-
erties by static indentation tests (14, 18). The
invariance of R- and SSL-wave velocities with
respect to pitch is consistent with the presence
of a composite made of transverse isotropic
laminas with similar mechanical properties
and stacking characteristics. Additionally, for
pitches of p = 45 and 40 mm, another propa-
gatingmodewith a phase velocity of 2030m s−1

(SAW-2)branches from theR-wavemode around
k = 0.3 mm−1.
In addition to the aforementioned modes,

we observe amode parallel to the R-mode that
was characterized by a similar group velocity
(vg = dw/dk, wherew is the angular frequency)
but shifted by a spacing (Dk). This shift is
evident in all three dispersion diagrams of the
periodic region (green, purple, and orange
diagrams) but absent in the impact region
(blue diagram) (Fig. 2C). Notably, this spacing,
indicated by double-headed arrows in the dia-
grams, increases as the pitch decreases. Be-
tween the identifiedmodes (dotted lines), several
additional frequency peaks are detected, which
appear to correspond to small segments of
other acousticmodes (see, for example, the black
and orange arrows in Figs. 2C and 3B, respec-
tively, and spectrograms in supplementary text

section S1). Additionally, low-frequency oscil-
latory signals (<50MHz,mode A along dashed
lines) are present in all dispersion diagrams,
consistentwith acoustic oscillations in air (25).
To interpret TGS experimental observations,

we used finite element modeling (FEM) to
simulate SAW propagation through idealized
periodicmicrostructureswith geometric pitches
matching those in the experiments. Because
the wavelengths probed by TGS are much
larger than the fiber diameter and interfiber
distance, we modeled the Bouligand micro-
structure as a composite laminate of trans-
versely isotropic laminas. For the composite’s
physical andmechanical properties, we adopt-
ed values reported by Guarín-Zapata et al.
(18), that is, r = 1400 kgm−3, ET = 30 GPa, EP =
15 GPa, GTP = 1.65 GPa, and vP = vTP = 0.25,
where r, E, and G are the density, elastic mod-
ulus, and shear modulus, respectively, and sub-
scripts T and P refer to transverse and plane
properties, respectively. The components of
the stiffness matrix (Cij), as a function of the
ply rotation angle, are shown in the polar plots
of Fig. 3A. We assumed an interply rotation
angle of y = 5°, which resulted in ply thick-
nesses (t = py/180°) on the order of ~1 mm,
consistent with previous reports (17).
Figure 3B presents the FEM-obtained dis-

persion diagrams for p = 45, 40, and 35 mm
alongside the experimental data. The compu-
tational results reveal a complex dispersion
landscape with several key features. First, a re-
petitive pattern emerges, marked by parallel
propagative lines above 25 MHz and charac-
teristic branch folding (peaks and valleys) below
25MHz. This pattern results from considering
wave numbers that span multiple Brillouin

zones (BZs), where the BZ length isBZ � p
p ;

p
p

h i
.

As the pitch decreases, the number of repeated
patterns decreases within the same wave num-
ber range. This periodic repetition of the pat-
tern at exact integer multiples of the BZ gives
rise to Bloch harmonic modes, highlighted for
the SSL- and R-modes by white dashed lines.
For instance, at p = 45 mm, ~6 Bloch harmonics
fit within the wave number range 0 to 1 mm−1,
whereas at p = 35 mm, ~5 Bloch harmonics fit
within the same range. These Bloch harmonic
lines appear parallel because they share the
same group velocity and correspond to the
same acoustic mode. As the pitch decreases,
the spacing between these Bloch harmonics
(Dk) increases. To focus on the most relevant
features, we examined the first two BZs for p =
45 mm, as shown in the expanded view of Fig.
3B. The diagram reveals the nondispersive
nature of the SSL-mode and the opening of a
bandgap (indicated by dotted lines and BG)
for the R-wave mode around 25 MHz, with a
width of ~2 MHz. The different dispersion
characteristics of these modes can be attrib-
uted to the modulation of the relevant elastic

Fig. 1. Mantis shrimp club and our approach to characterize its phononic behavior. (A) Smasher mantis
shrimp using its dactyl club against a seashell. [Photo credit: R. Caldwell] (B) Dissected dactyl club (whole,
side view). (C) Transverse cross section of the club with distinct layers highlighted. (D and E) Schematic
and characteristic signals of (D) NLU characterization of the impact and periodic regions by TGS and (E)
PLU characterization by ASOPS, as well as a schematic of the Bouligand arrangement of the fibers with a relative
angle between plies (y) and pitch (p).
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constants along the pitch: The SSL-mode, with
its main displacement along the x axis, exper-
iences no elastic modulation, whereas the
R-wave, with its displacement along the y axis,
is modulated elastically. The R-wave bandgap,

predicted for all pitches (p = 45, 40, and 35 mm),
widens as the pitch decreases.
By comparing the numerically obtained

dispersion diagrams with the experimental
data, we identified three key findings. First, the

model-predicted phase velocities align well with
the experimentally measured phase velocities
of the R-wave and SSL-waves, validating both
the model and the usedmechanical properties.
Second, consistent with simulations, R-wave

Fig. 2. Ultrasonic phononic dispersion of the mantis shrimp’s dactyl club.
(A) Frequency (f) spectrogram obtained by fast Fourier transform (FFT) and
phase speed variation in the impact and periodic regions obtained by TGS at an
acoustic wavelength (lac = 30 mm). (B) Enlarged view of the cross section of the
dactyl club with regions probed by TGS (large spot sizes) and PLU (small spot
size); the colored regions illustrate the position and sizes of the probed regions.

(C) Phononic dispersion curves obtained from TGS at locations highlighted in
(B). (D and E) SEM images of the region probed by PLU showing (D) the chitinous-
organic composite and (E) fiber bundles made of individual chitin fibrils.
(F) Phononic dispersion curves obtained from PLU. Red and white dots in
(C) and (F), respectively, represent pixels with maximum intensity in the
pseudocolor plots.
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Bloch harmonicmodes (parallel modes shifted
by Dk in Fig. 2C) are detected experimentally,
whereas SSL-wave Bloch harmonics are less
pronounced, likely because of the technique’s
sensitivity to y-axis displacement. Some peaks

labeled as SAW-2 in Fig. 2Cmay correspond to
SSL-wave Bloch harmonics crossing R-wave
Bloch harmonics, or they could indicate a
second pseudosurface acoustic mode, which
is commonly seen in waves propagating on

anisotropic surfaces (26). This second mode
warrants further investigation beyond the scope
of this study (see additional details in supple-
mentary text section S3). Third, the observed
increase in Dk with decreasing pitch confirms

Fig. 3. Finite element simulations of phononic dispersion. (A) Schematic of
simulation domain for surface wave propagation in the Bouligand microstructure.
Applied surface traction txy (x, t), displacement field u(t) collection points (where u
is displacement), and angular variation of the stiffness matrix components are shown.
(B) FEM-obtained surface wave dispersion diagrams (k-f) for three pitches.

Experimental points obtained with TGS are superimposed. For the case p = 45 mm, a
detailed view of the first two BZs is shown (the edge of the first BZ is shown as a dashed
line). In all cases, the bandgap for R-waves is highlighted. (C) FEM-obtained surface
wave dispersion diagrams (k-f), with experimental points superimposed for the region
probed by PLU. A zoomed-in view within the first two BZs is also depicted.
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the parallel mode as a Bloch harmonic of the
R-wave. The experimental detection of these
modes highlights the high-quality periodicity
of the structure, akin to a phononic crystal.
Additionally, R-wave folding above the band-
gap is observed but partially masked by air
oscillations. Interestingly, when a simplified
model consisting of laminates with isotropic

plies exhibiting an oscillating elastic modulus
is used, themodel also captures the emergence
of SSL-wave and R-wave Bloch harmonics [see
supplementary text section S4 and (27)].

PLU experiments

Thus far, TGS experiments provided insight
into the first-order hierarchical features with-

in the periodic region of the mantis shrimp’s
dactyl club, revealing characteristics associ-
ated with the helicoidal laminate structure. At
a finer hierarchical level (i.e., at smaller wave-
lengths), individual elements of the helicoidal
laminate, such as chitin fiber bundles em-
bedded in a soft matrix with an interfiber dis-
tance of ~1 mm (17), become discernible.

Fig. 4. Role of the mantis shrimp’s graded microstructure in impact atten-
uation. (A) Key events in the strike sequence of the smasher mantis shrimp
together with relevant timescales and frequency content. (B) Spatial modulation
of the geometric pitch of the Bouligand microstructure as measured along the
median axis of the club. (C) Modulation of elastic constants for spatially

modulated microstructures with pitch following (B). (D) Schematics of
FEA models for plane longitudinal and shear wave propagation in response
to a Ricker-type pulse (pulse and spectrum are shown in the insets).
(E) Transmission spectra of single-pitch periodic microstructure and graded
microstructure under the applied pulses.
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Scanning electron microscopy (SEM) images
taken from a cracked portion of the club (Fig.
2, D and E) show these details. To explore this
finer hierarchy, we used the ultrafast PLU
technique, which involves femtosecond pump
pulses focused normal to the sample surface,
creating a circular spot (~1.25 mm in diameter).
The pump pulses generated thermoelastic ex-
pansion in the Al layer, launching a broad-
band SAW pulse that propagated in the x-z
plane of the sample. Time-domain detection
was achieved through asynchronous optical
sampling (ASOPS) between the pump and
probe pulses (see materials and methods sec-
tion S4) (28). The spatial information of the
traveling waves is obtained by scanning the
pump relative to the probe in a one-dimensional
(1D) fashion (Fig. 1E), allowing the generation
of space-time diagrams. From these diagrams,
SAW dispersion curves are extracted by 2D
Fourier transformation. This ASOPS-based PLU
setup enables the resolution of wavelengths
down to 2.5 mm, with the ability to probe sur-
face modes up to several GHz (29). Thus, the
technique extends the experimental window
to wavelengths approaching the composite-
layer characteristic length (e.g., fiber bundle
diameter and interfiber distance) and, owing
to the point-source geometry, also allows ex-
ploration of potential 3D effects that arise from
material anisotropy and structure.
Figure 2F presents the dispersion diagram

obtained with the PLU technique, highlight-
ing two key observations. First, a primary
SAWmode is observedwith a phase velocity of
1350 m s−1, closely matching the R-wave iden-
tified in TGS experiments (~6% difference).
We identified this mode as the R-wave. Unlike
the R-wave in TGS, this mode is dispersive, as
evidenced by the folding near the end of the
accessible wave number range (k ~ 2.1 mm−1).
Additionally, a flat branch is observed around
~450MHz, extending across the entire probed
wavenumber range.A small bandgap (~20MHz)
is identified between the R-wave mode and the
flat mode. Notably, the R-wave mode was not
detected for wave numbers k < 1 mm−1. This can
be attributed to two factors: the influence of
the pump-related thermal background (low-
frequency) near the pump and probe laser
beams and the 3D effects inherent to the PLU
technique due to point-source generation,which
lead to wave attenuation at the observation
point. This feature is important not only for
interpreting the PLU results but also for gain-
ing insights into the biomechanical function
of the club, as discussed in the next section.
We conducted FEM simulations for a mi-

crostructure with a pitch of ~11 mm to interpret
the PLU results, capturing acoustic wavelengths
down to ~2.5 mm. The predicted R-wave mode
matches experimental data, with a flat branch
near ~425 MHz, though its intensity is over-
shadowed by the stronger R-wave mode.

Zooming into the first two BZs reveals the
nondispersive SSL-wave and the dispersive
R-wave, which exhibit a broader bandgap (50
to 75 MHz) due to folding. At higher frequen-
cies, two flat branches are predicted: one at
405 MHz and another at 425 MHz. The first
flat branch corresponds to the flattening of
the R-wave mode observed in experiments,
whereas the second flat branch shows qual-
itative agreement with the experimental flat
mode that spans the entire range of probed
wave numbers. Although there are slight dis-
crepancies in frequency (likely due to assumed
material properties and model geometrical as-
sumptions), the gap between these branches
(~20 MHz) is in close agreement with the ex-
perimental observations. To further investigate
the mode shapes related to these branches, we
performed 3D simulations with Bloch-Floquet
periodic boundary conditions [see supplemen-
tary text section S5 and (30)]. These simula-
tions revealed that the flat branch (fig. S6) is
predominantly a surface mode, with both hori-
zontal (z) and vertical (y) displacement com-
ponents, indicative of a zero-group velocity
(@w/@k ≈ 0) mode, where the energy is lo-
calized within the structure (no propagation).
The detection of these experimental features
confirms the phononic characteristics of the
mantis shrimp’s periodic region and high-
lights the influence of 3D effects arising from
the complexmaterial anisotropy and club struc-
ture in this region.

Elastic wave filtering as strategy for
impact mitigation

In the preceding sections, we presented an
experimental evaluation of the phononic be-
havior of the mantis shrimp’s dactyl club, at
the local level within its periodic region, and
its interpretation through modeling. We now
shift focus to exploring the integrated wave-
filtering capabilities of the club’s periodic re-
gion in the context of the dactyl club’s strike.
Specifically, we address two key questions:
What is the role of the graded Bouligand struc-
ture from a phononics perspective and what
are the implications of selective filtering of
MHz shear waves?
The mantis shrimp’s strike involves a series

of energy release mechanisms, starting with
muscle contraction and energy storage, fol-
lowed by a latch-like release, and culminating
in the club’s high-speed impact on the target,
accompanied by the generation and collapse
of cavitation bubbles (Fig. 4A). Although the
impact phase represents less than 0.1% of the
total strike sequence duration (8), its temporal
characteristics are crucial for understanding
the role of the discovered phononic mecha-
nisms. The initial contact with the target lasts
under 50 ms (14) and resembles a pyrotechnic
shock, characterized by high-frequency, short-
duration, and high-magnitude stress waves

consistent with kHz-range vibrations (23, 31).
Following this, the collapse of cavitation bub-
bles violently releases energy over tens of nano-
seconds, generating shockwaves in the MHz
range (8, 32, 33), potentially reaching frequen-
cies up to 1 GHz (~ns−1) (11). Although both the
contact blow and cavitation blow are used by
the mantis shrimp to strike its prey, the cav-
itation blow has only about half the peak force
of the initial contact blow but exhibits a much
higher frequency spectrum (9). Moreover, the
hierarchical multilayer structure of the dactyl
club, as predicted by FEA, concentrates the
highest principal stresses near the impact sur-
face, allowing lower-amplitude, high-frequency
stress waves to propagate through the periodic
region (14). These observations emphasize the
importance of high-frequency waves in the
shrimp’s impact dynamics.
Owing to the rapid dynamics of the strike,

experimental measurements of the impact’s
frequency spectrum have so far been limited
to vibrations up to 170 kHz (9). However, this
upper limit reflects the limitations of the
sensing devices rather than the absence of
higher-frequency energy transport. In this
context, our observations of phononic disper-
sion, including Bragg bandgaps in the tens of
MHz range within the periodic region, align
with other shrimp-inspired phononic studies
(34). These findings suggest that the mantis
shrimp uses phononic mechanisms to shield
itself from high-frequency transients associ-
ated with cavitation-induced shocks during
impact (Fig. 4A). Furthermore, they under-
score the importance of reevaluating the dy-
namics of the shrimp’s powerful strike using
more advanced instrumentation.
To advance this understanding, we eval-

uated the effectiveness of the mantis shrimp’s
functionally graded microstructure in mitigat-
ing impact under representative conditions.
We used a 2D, linear elastic finite element
plane-wave model (Fig. 4, B to D) to indepen-
dently simulate longitudinal and transverse
bulk wave propagation across Bouligand mi-
crostructures that mimic those of the mantis
shrimp. This simplified model was used to
isolate the effects of microstructure on bulk
wave propagation, which avoided the com-
plexities that arise during a dactyl club strike
event, such as underwater fluid-structure in-
teraction, 3D effects, wave propagation across
multiple regions, and the curvature of the
club’s surface. In our simplified 2D stripmodel,
we replicated the geometrically graded struc-
ture of the periodic region by incorporating the
variation in pitch length observed in dactyl
club cross sections (Fig. 4, B and C). Alongside
the geometric grading, we accounted for spa-
tiallymodulated anisotropic elastic properties,
varying the components of the stiffness tensor
as a function of position, as illustrated in Fig.
4B. To benchmark the graded microstructure,
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we compared it against a simpler single-pitch
microstructure corresponding to the largest
pitch measured in our dactyl club samples
(80 mm). This control design not only reflected
the location of larger pitches closer to the
impact surface but also accounted for their
tendency to generate Bragg gaps at lower
frequencies. To excite longitudinal and trans-
verse waves, we applied a spatially uniform
pulse centered at 10 MHz (Fig. 4D) modeled
as a normal pressure [s(t)] and a tangential
traction [t(t)], respectively (where t is time).
Although detailedmodeling of the underwater
dynamics of the mantis shrimp’s strike is be-
yond the scope of this study, the effects of the
cavitation blow are approximated through
the applied stress pulse andmaterial proper-
ties validated by surface wave experiments.
(For an evaluation of MHz phononic behavior
under hydrated conditions, refer to supple-
mentary text section S7). We quantified wave
attenuation by comparing the frequency spec-
trum at the end of the domain (node “out” in
Fig. 4D) with that of the applied pulse (node
“in” in Fig. 4D). Further details of the model-
ing approach are provided in the materials
and methods.
The frequency spectra of transmitted nor-

mal and shear stress components, for both
single-pitch and graded models, are displayed
in Fig. 4E. For longitudinal stress waves, the
input and output stress spectrograms over-
lap, indicating no notable filtering. This is ex-
pected, because the variation of the material
stiffness in the x direction is invariant of posi-
tion, that is, the medium is uniform for lon-
gitudinal waves propagating in the x direction.
By contrast, for shear waves, the spectrograms
reveal a pronounced influence of the micro-
structural arrangement. In the single-pitch
microstructure, a frequencydip centered around
8MHz aligns with the bandgap predicted from
thedispersiondiagrams (see supplementary text
section S6). For the graded microstructure, a
much broader gap emerges, spanning most
of the frequency range of the applied pulse.
This highlights the structural gradient’s ability
to affect a wider frequency range. Signal en-
ergy calculations show that 100% of the in-
coming pressure pulse is transmitted, whereas
only 66 and 43% of the shear pulse energy is
transmitted through the single-pitch periodic
and graded-pitch structures, respectively.
Beyond the linear plane wave model, which

emphasizes the interactionbetweenmicrostruc-
ture and high-frequency waves in shielding
against nanosecond-scale shockwaves, we note
that real-world impactsmayact as point sources.
In such cases, bulk elastic waves could diffract
in three dimensions, further broadening the
frequency range of filtering. Furthermore, if
bulk waves are not plane waves propagating
strictly along the periodic region, even longi-
tudinal waves could become sensitive to the

periodic variation in elastic properties. Conse-
quently, most wave energy and frequency con-
tent would be filtered, with only a fraction
propagating through (primarily polarized and
traveling along the x-direction).
Selective filteringof shearwaves, byBouligand-

like spatially modulated structures, hints at
the potentially detrimental effects of these
waves to the dactyl club’s functionality. Exten-
sive experimental and computational studies
on behind-armor blunt trauma (nonpenetrat-
ing impacts) have demonstrated that gross
motions induced by shear waves are critical
contributors to damage in organs and tissues,
leading to lacerations, contusions, interfacial
disruptions, and fractures (35–37). Shear waves
are also linked to traumatic brain injuries, such
as diffuse axonal injury, through mechanisms
such as shear wave focusing and shear shock-
wave generationwithhigh-frequencyharmonic
components (38, 39). Given the precise neural
control required for themantis shrimp’s striking
motion (40), protecting nerve fibers is essential,
because it ensures the structural integrity of
the club’s tissue and the organic membranes
within, particularly during high-strain-rate
events and successive molting cycles (41, 42).
Similarly, in synthetic materials, transverse
(shear) waves have been shown to cause de-
lamination and interlayer cracking in impact-
resistant composites, compromising their
structural integrity and dynamic load resis-
tance (43, 44). The mantis shrimp’s design,
which selectively shields against the highest
frequencies rather than the entire spectrum,
reflects an advanced strategy that recognizes
that strain rate can be as damaging as, ormore
damaging than, load magnitude, a phenome-
non observed in studies on the effects of ultra-
sound (35, 42). This selective filtering also
relates to the overall size limitation of the
periodic region within the dactyl club, given
that filtering lower frequencies would require
larger pitches. Furthermore, the periodic re-
gion provides additional advantages, including
enhanced toughness attributed to the Bouli-
gand architecture (45, 46). This architectural
motif offers dual benefits: high-frequency pho-
nonic filtering and mechanical toughening.
Interestingly, these phenomena may not be
independent but rather interdependent, with
phononic mechanisms potentially enhancing
extrinsic toughening by facilitating stable crack
growth and mitigating catastrophic failure
(47, 48).

Discussion and conclusions

The mantis shrimp has long been regarded as
a paragon of biological engineering owing to
its notable impact-related properties. More re-
cently, numerical analyses have suggested
that the helicoidal fiber arrangement in the
periodic region of the dactyl club gives rise to
phononic shear wave bandgaps, complement-

ing the suite of defensive mechanisms of the
mantis shrimp.
By combining nanosecond and picosecond

laser ultrasonic techniques with modeling, we
have presented experimental evidence of pho-
nonic behavior facilitated by the Bouligand
microstructure of themantis shrimp. The pho-
nonic nature of the periodic region of the
dactyl club was revealed through the obser-
vation of Bloch harmonics, dispersive surface
modes, flat modes, and phononic bandgaps.
These observations arise from the interactions
of waves with the hierarchical architecture of
the dactyl club, as shown by transient wave
propagation simulations. Using dynamic finite
element models, we assessed the role of the
graded Bouligand arrangement in impact mi-
tigation through wave-filtering mechanisms
and compared it with simpler microstructural
configurations.
We conclude that the graded Bouligand ar-

rangement in the mantis shrimp selectively
filters shear waves generated by nanosecond-
scale cavitation bubble collapse over an ex-
tended range in the lower MHz regime. This
characteristic, which stems from the distinc-
tive material and geometric properties of the
periodic region, suggests an evolutionary ad-
vantage in shielding soft tissues from harmful
high-frequency shear waves, which are partic-
ularly detrimental to soft tissues and neural
synapses.
In the broader context of natural phononic

structures, our measurements and analyses ex-
tend the known range of functional phononic
behavior into the MHz regime, providing evi-
dence of phononic Bragg scattering mecha-
nisms (akin to those seen in phononic crystals),
rather than local resonance, as a biological
functionality. Additionally, this work high-
lights nature’s ability to engineer a high-
quality ultrasonic chirped phononic crystal,
exhibiting Bloch harmonics, with a level of
sophistication that would typically require
advancedmicro- and nanomanufacturing tech-
niques. Furthermore, the discovery of flat bands
extending into the hundreds of MHz suggests
the potential for spatial energy localization,
which can be dissipated locally with minimal
damping, offering further insights into how
these natural structures may mitigate high-
frequency energy.
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