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Mechanical metamaterials at the microscale exhibit exotic static properties owing to their en-
gineered building blocks,'™ but their dynamic properties have remained significantly less ex-
plored. Their design principles can target frequency-dependent properties®™’ and resilience
upon high-strain-rate deformation,®’ making them versatile materials for applications in
lightweight impact resistance,'’"!? acoustic waveguiding,”!* or vibration damping.'*'> How-
ever, accessing dynamic properties at small scales has remained a challenge due to low-
throughput and destructive characterization,®'%17 or lack of existing testing protocols. Here
we demonstrate a high-throughput non-contact framework that employs MHz-wave prop-
agation signatures within a metamaterial to nondestructively extract dynamic linear prop-
erties, omnidirectional elastic information, damping properties, and defect quantification.
Using rod-like tessellations of microscopic metamaterials, we report up to 94% direction-
and rate-dependent dynamic stiffening at strain rates approaching 10° s~!, in addition to
damping properties 3 times higher than their constituent materials. We also show that fre-
quency shifts in the vibrational response allow for characterization of invisible defects within
the metamaterials, and that selective probing allows for construction of experimental elastic
surfaces, previously only possible computationally. Our work provides a route for acceler-
ated data-driven discovery of materials and microdevices for dynamic applications such as
protective structures, medical ultrasound, or vibration isolation.

Mechanical metamaterials, i.e., materials with functional three-dimensional (3D) morpholo-
gies at the micro- or nanoscale, exhibit extraordinary properties dictated by their 3D building
blocks. For over a decade, researchers have studied exotic static mechanical properties such as
stiffness and strength that approach theoretical limits,> %! high mechanical resilience or energy
absorption,?*~>? or negative Poisson’s ratios.>>?* Despite substantial progress, knowledge of these
nano- and microscale metamaterials beyond quasi-static responses has remained limited, moti-
vating explorations in dynamic conditions relevant to high-rate impact mitigation and medical
ultrasound where these materials could provide superior performance. Such exotic responses re-
lating to wave propagation’ >3 high damping'>?°, or high-rate deformation'' have been explored
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theoretically and computationally, but experimental demonstrations have remained scarce. While
interest in dynamic properties of metamaterials has outpaced current characterization routes, recent
studies have shown promising advancements in some dynamic regimes, from piezo-excitation®?’
to underwater ultrasound propagation’, elucidating routes to induce polarization and form band
gaps for mechanical waves. However, these pioneering methods have been limited to extracting
wave-propagation properties, while extraction of dynamic elastic properties remains challenging.
Their contact-based and fluid-coupled measurements pose limitations towards performing high-
throughput characterization—a requirement for accelerated progress in understanding metamate-
rials under dynamic conditions.

Microscale metamaterial properties have historically been extracted from stress-strain curves
captured by nanoindentation tools,'=1%1%28 which face a trade-off between deformation amplitude
and increases in strain rate. As aresult, dynamic mechanical properties of microscale metamaterials
and full elasticity-tensor approximations*>3! have only been possible using dynamic numerical
frameworks or computational homogenization approaches, respectively. These limitations have
left a void in understanding anisotropy, damping properties, and wave propagation in advanced
metamaterials. While dynamic characterization techniques at large scales like the split Hop-
kinson bar method'>%*3% have served as a proxy to understand microscopic metamaterial be-
haviour, the contact-based, destructive nature of these methods results in low-throughput, one-
time measurements with considerable variability. With advances in data-driven design tools for
metamaterials,?!:3*3 experimental throughput has failed to keep up with vast design parameters
spaces, particularly in dynamic regimes. A high-throughput method and underlying principles
to uncover dynamic responses of metamaterials at small scales could enable characterization and
data collection necessary for accelerating design and discovery of new types of metamaterials for
various multifunctional applications.

Here, we introduce a framework for characterizing the dynamic response of 3D metamate-
rials at the microscale, enabled by a non-destructive and non-contact optical framework that con-
verts vibrational signatures to dynamic elastic properties and wave propagation measurements. We
demonstrate our high-throughput framework on several morphologies of 3D microscale metama-
terials by leveraging pulsed-laser-based photoacoustic excitation®® of three types of elastic waves
within the materials. Given low-amplitude elastic deformation and short timescales of excita-
tion, we employed 10* measurements per sample to extract precise damping-property measure-
ments, omnidirectional stiffness, and defect quantification within complex microscale samples.
This research paves the way for employing nondestructive vibrational signatures as an alternative
to slower microscale contact-based approaches, enabling understanding and discovery of metama-
terials in regimes closer to real-world applications.
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Laser-induced elastic waves

To enable high-throughput non-destructive characterization of metamaterials at the microscale,
we designed a pulsed-laser-based technique to leverage photoacoustic excitation of elastic waves
on the surface of the material sample, analogous to photoacoustic thin-film and polycrystalline
metal characterization studies’”*®. Our method—Iaser-induced resonant acoustic spectroscopy
(LIRAS)—is composed of two separate pump and probe modules (Fig. 1a). The pump module
consists of a picosecond pulsed laser applied to a three-dimensional sample of interest with a thin
chromium coating which partially absorbs the laser pulse and induces broadband acoustic waves
(Methods, Extended Data Fig. 1). Resulting sample surface displacements are then measured by
the probe module, consisting of a phase-mask interferometer.
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Figure 1 | Non-contact laser-induced excitation and probing of elastic waves in metamaterials. a,
Schematic of the custom laser-induced resonant acoustic spectroscopy (LIRAS) method, employing a pi-
cosecond pump laser and a continuous-wave (CW) laser for interferometry displacement signals. SEM
micrographs (insets) depict metamaterial architectures (octet, tetrakaidecahedron, and monolithic) used in
our experiments. b, Schematic of pump-CW probe schemes to excite longitudinal, torsional, and flexural
modes in metamaterials, accompanied by a depiction of resulting resonant modes. ¢, Representative wave-
forms obtained from longitudinal excitation of octet, tetrakaidecahedron, and monolithic samples. Scale
bars in SEM insets, 20 wm.
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To facilitate extraction of metamaterial mechanical properties, we fabricated polymeric mi-
crolattices out of IP-Dip photoresist in slender aspect ratios using a two-photon lithography system
(Nanoscribe GmbH), which approached the limit of rod-like 1D-wave propagation upon excitation
(Extended Data Fig. 2). Specifically, we fabricated 5x5xn tessellations of 9.0+0.1 wm octet and
tetrakaidecahedron unit cells, with the height of the tessellation n ranging from 4 to 22. Octet
and tetrakaidecahedron morphologies were selected as representatives of kinematically rigid and
non-rigid architectures, respectively. At relative densities of p = 17% for the octet and 14% for the
tetrakaidecahedron, these translated to stretching- and bending-dominated mechanical responses®®.
Exploiting cubic symmetry in these classical geometries enabled metamaterial anisotropy detec-
tion (insets in Fig. 1a) by fabricating metamaterial samples along lattice orientations such as [100],
[110], and [111], and monolithic IP-Dip polymer samples for comparison.

To investigate different types of elastic metamaterial responses, our LIRAS technique en-
abled excitation and measurement of three types of elastic waves: (i) longitudinal, (ii) torsional,
and (iii) flexural waves. Primary excitation of each of these waves was achieved by tuning the
pump-continuous-wave (CW) probe scheme of the lasers (Fig. 1b). Specifically, coincident pump-
CW probe lasers at the center of the sample induced a primarily longitudinal wave in the metama-
terial, while lateral excitation at the top of a modified sample with separate pump-probe locations
induced a torsional wave. Similarly, off-center excitation from the top of the sample with different
pump-probe sites induced a primarily flexural wave in the metamaterial. As shown in Fig. 1c, char-
acteristic response waveforms attenuated due to inherent vibrational decay but lasted up to ~200
us depending on sample type and pump scheme (Methods, Extended Data Fig. 3), and experi-
mental calibration enabled translation from photovoltage to surface displacement (Supplementary
Information section I).

Metamaterial fabrication onto a glass substrate resulted in clamped and free boundary condi-
tions at the base and top, respectively, inducing standing waves of wavelength A = 4H/m upon laser
excitation, where H denotes sample height and m denotes harmonic order (i.e., m = 1 indicates
the fundamental first harmonic). Consequently, varying sample heights allowed for wavevector k
tunability, with the magnitude defined as wavenumber |k| = 1/A. Fabricating and testing samples
with systematically increasing heights enabled extracting their resonant frequencies for different
wavevectors (Fig. 2a).
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Figure 2 | LIRAS dynamic measurements on metamaterials. a, SEM micrographs of selected octet
[100] samples of different n tessellations, corresponding to different wavenumbers, scale bar 50 um. b, Fast-
Fourier transform (FFT) spectra of detected signals from the surface of the metamaterials using the center
pump-CW probe scheme, depicting longitudinal mode (L) and its higher harmonics (e.g., 3L). Spectra
corresponding to different n-tessellations are plotted with an offset for illustration purposes. ¢, FFT spectra
from off-center scheme, depicting appearance of flexural modes (F) and higher harmonics; and d, spectra
from the transverse scheme depicting torsional modes (T) and several flexural harmonics. e, Dispersion
relations f(k) extracted from FFT spectra along specific edges of the octet’s irreducible Brillouin zone (top
left, along with Bravais- and reciprocal-lattice vectors, a; and b;, respectively).
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Following excitation by 10* pump-laser pulses per sample (over 1 to <5 minutes, Supple-
mentary Information section II), frequency content of time-domain dynamic responses for the
metamaterials was extracted by taking their fast Fourier transform (FFT). Using the center pump-
CW probe scheme, we determined the presence of a fundamental longitudinal-mode peak for all
5 X 5 X n samples (L in monolithic and octet data in Fig. 2b, tetrakaidecahedron in Extended Data
Fig. 4). Besides this dominant peak, higher-order harmonics were also measurable for most sam-
ples (e.g., 3L and 5L, Fig. 2b). We additionally measured a height-independent Poisson-effect
transverse mode in monolithic samples, which was not measurable in metamaterials due to promi-
nent microstructural scattering in this shorter-wavelength regime. Using the off-center pump-CW
probe scheme, we primarily excited a flexural mode (and higher-order harmonics) in addition to
a weaker longitudinal mode (Fig. 2c). To measure torsional modes, we implemented a transverse
pump-CW probe scheme, where metamaterial samples were fabricated with a flat reflective surface
on the sides and were pumped and probed at two different transverse locations on that surface (see
Fig. 2d). This scheme excited primarily flexural modes, but enabled measurement of a torsional
mode. To correlate experimental spectra to corresponding vibrational modes, we confirmed a long-
wavelength-limit linear relation between wavenumber and frequency for longitudinal and torsional
waves, while a quadratic relation was identified for flexural waves (Extended Data Fig. 5). We
further confirmed modal categorization via numerical eigenfrequency analyses on monolithic and
metamaterial geometries, which provided qualitative and quantitative agreement for longitudinal,
flexural, and torsional modes (Extended Data Figs. 3, 6).

After identifying frequency peaks and their corresponding modes for all samples, each fre-
quency was correlated to a wavenumber based on sample height, enabling construction of ex-
perimental dispersion relations for monolithic and metamaterial samples as shown in Fig. 2e
(tetrakaidecahedron in Extended Data Fig. 4). Cubic symmetry enabled probing along edges of
the irreducible Brillouin zone, corresponding to I'-X for [100], I'-M for [110], and I'-R for [111].
For longitudinal modes in all samples, dispersion was observed for larger wavenumbers, primar-
ily since the samples in this regime violated assumptions for 1D-wave propagation due to their
non-slender aspect ratio. Nondispersive longitudinal waves were observed for metamaterial tes-
sellations of n > 10 when considering only the fundamental mode. Additionally, torsional and

flexural waves in monolithic and [100] metamaterial samples were measured, but were excluded
in other metamaterial-orientation analyses due to redundancy.

High-throughput dynamic mechanical characterization

While dispersion relations obtained via the LIRAS technique provided insight into different types
of elastic waves supported by these metamaterials, we aimed to leverage this information to de-
termine their dynamic mechanical properties. Using measurements in the long-wavelength limit

(k| < 0.0025 um™', tessellations of n > 10), we calculated group velocity of each wave type
from experimental dispersion relations as ¢, = g—{. Following theory for 1D-longitudinal-wave

propagation in a rod-like medium, we used longitudinal group velocities ¢, to calculate the ef-
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fective stiffness for each sample as E* = pcﬁ,L, where p is the sample density (Methods). From
displacement-calibrated LIRAS experiments, which enabled effective engineering strain measure-
ments ranging from 0.01% to 0.1%, we determined characteristic root mean square (RMS) strain
rates of & = 38 s™! for monolithic polymer and & = 70 s™! for octet metamaterials—corresponding
to the MHz ultrasound dynamic regime (Methods, Extended Data Fig. 7, Supplementary Informa-
tion Sections III & IV). As expected for octets and tetrakaidecahedra, measured effective stiffness
(Fig. 3a) exhibited direction-dependent values, with [111] and [100] directions yielding the highest
stiffness for octet and tetrakaidecahedron samples, respectively.
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Figure 3 | Dynamic elastic and damping properties of metamaterials. a, LIRAS (color) and quasi-
statically obtained (gray, uniaxial compression) effective stiffness £* depicting dynamic stiffening in sam-
ples. b, Rate-dependent stiffness of monolithic samples (circular IP-Dip pillars), tetrakaidecahedron, and
octet [100] metamaterials depicting agreement of destructive uniaxial compression method with high-

throughput LIRAS experiments.

¢, Spatial attenuation coefficient @ as a function of frequency f, that

follows a(f) = B(f)/cp,L 3 where B(f) is the temporal damping coeflicient and ¢, is the longitudinal
phase velocity, depicting higher and anisotropic damping over our measurable frequency range as a power
law a(f) = aof" with constant ap and tunable exponent ;7 ranging from 1.35 to 1.51 (slope of the log-log
plot) for octet and 1.39 to 2.02 for tetrakaidecahedron, compared to 1.58 for monolithic polymer.
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To quantify dynamic effects on the responses of our samples, we performed quasi-static
(¢ = 107 s7!) uniaxial compression experiments using a displacement-controlled nanoinden-
ter (Alemnis AG) on identical samples as those tested via LIRAS (see Extended Data Fig. 7).
Comparing the effective stiffness, E*(= do/d¢), obtained through these two techniques (Fig. 3a)
showed dynamic stiffening effects in all samples. From experiments on the monolithic polymer
samples, we measured a viscoelastic response in the base material with a dynamic stiffness of
4740 + 30 MPa, corresponding to a 74% stiffening compared to the measured quasi-static effective
Young’s modulus, consistent with other dynamic compressions on this material*’. This stiffening
response was also observed in the metamaterial samples, with an on-average stiffening of 46% for
the octets and 82% for the tetrakaidecahedra. Despite this direction-dependent dynamic stiffening,
the anisotropic response of the metamaterials remained qualitatively unchanged.

Additional uniaxial compression experiments to strain rates of up to 10> s~! on both mono-
lithic polymer micropillars and 5 X 5 X 5 tessellations of the [100] octet and tetrakaidecahedron
metamaterials (see Methods), confirmed the rate-dependent response observed in LIRAS mea-
surements. Despite the different nature of both characterization techniques, i.e., the contact-based
method targets a single strain rate while a range of strain rates are accessed in the free-vibration
case, agreement to within 10% was observed across all sample types (Fig. 3b, Supplementary In-
formation Section IV). These measurements confirmed that achieving high-rate nanometer-scale
displacements via photoacoustic excitation effectively allows for non-destructive dynamic char-
acterization, presenting an alternative to single-measurement destructive experiments and their
concomitant signal-to-noise ratio challenges (see Extended Data Fig. 8).

In addition to enabling high-throughput linear mechanical property measurements, LIRAS
frequency-spectrum analysis provided metamaterial damping properties.!>*! Analogous to a clas-
sical damped harmonic oscillator, whose oscillation amplitude is described by u(t) = upe™ cos(2nm f—
0), the exponential temporal decay of the LIRAS experiments from an initial amplitude u, at a
frequency f and phase shift ¢ is dictated by the decay parameter 8 (Supplementary Information
Section V). Using center-pump FFT spectra, we calculated the more informative spatial atten-
uation coefficient” @ = B/c,, (units m™"), where § scales with the half-width-half-max of the
longitudinal peak, and c,; = f/|kl| is phase velocity of the longitudinal waves (Extended Data
Fig. 3). Plotting the experimental spatial attenuation coefficient against the dominant longitudinal
frequency peak, we measured direction-dependent damping in our metamaterials (Fig. 3c). Specif-
ically, higher damping was observed for the more compliant direction [100] in octets, while the
stiffer [110] and [111] directions exhibited an average of 30% lower damping at a frequency of 3
MHez. In tetrakaidecahedra, the compliant [111] direction also exhibited higher damping at a given
frequency than its stiffer [100] direction. Remarkably, the octet metamaterials exhibited up to a
3.5x% increase in damping ability compared to their constituent monolithic polymer. Fitting spa-
tial attenuation values to the classical frequency-dependent attenuation power law* a(f) = aqf”
yielded a scaling exponent n = 1.51 (slope in Fig. 3¢) for monolithic samples, in alignment with
other polymer measurements *. In contrast, the metamaterials exhibited direction-dependent scal-
ing, with slopes of 1.51, 1.44, and 1.35 for the octet [100], [110] and [111] directions, respectively,
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while the tetrakaidecahedron had slopes of 1.39, 2.02, and 1.56 for the same orientations. The mea-
surements indicate that architecture and anisotropy can tune damping properties at a wide range of
ultrasonic frequencies. Both metamaterials indicate higher damping capacity in compliant direc-
tions and bending-dominated architectures, over stift and stretching-dominated responses.

Omnidirectional elastic properties

Established characterization methods for metamaterials have primarily been limited to reporting
effective Young’s moduli only along selected orientations > %2 providing only partial information
of material anisotropy and lacking measurement of properties such as effective shear moduli. Nu-
merical methods like computational homogenization have been the preferred technique to obtain
full elastic-tensor information of metamaterial geometries, but provide metrics that have not been
experimentally validated 23143, To fill this experimental gap, we harnessed the capabilities of the
LIRAS technique to provide fully experimental elastic-tensor extraction for metamaterials under
dynamic conditions.

To obtain preliminary validation of properties obtained from LIRAS, pertaining both to the
measured frequencies and apparent anisotropy, we employed three computational approaches that
together predict expected anisotropy and wave propagation characteristics within the metama-
terials. For consistency with the viscoelastic response in the constituent polymer, the material
properties used in dynamics simulations corresponded to the RMS strain rate in our experiments,
while upper- and lower-bound simulations employed properties corresponding to the maximum
strain rate and quasi-static conditions, respectively (Methods, Extended Data Fig. 7, Supplemen-
tary Information section IV). The first comparison approach consisted of finite eigenfrequency
calculations on a finite-element representation of discrete 5 X 5 X n tessellations, with boundary
conditions identical to those in our LIRAS experiments. Identification of longitudinal, torsional,
and flexural resonant modes and associated eigenfrequencies agreed with experimental measure-
ments especially in the long-wavelength limit, as shown in Fig. 4a. As a second validation method,
we performed Bloch-wave analysis on metamaterial unit cells, which provided dispersion relations
that enabled longitudinal and shear mode identification (Extended Data Fig. 10). Using these two
computational methods, we calculated the predicted [100] stiffness for the metamaterials and con-
firmed an agreement to within 5% when comparing the stiffness from eigenfrequency simulations
to the effective stiffness in the LIRAS experiments. The third computational approach consisted of
linear static homogenization, which extracted the metamaterials’ elasticity tensor C, and enabled
calculation of their effective stiffness in all directions!-?® (Methods) to be represented as an elastic
surface (Fig. 4b, top).

11
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After confirming wave propagation response and resulting dynamic stiffness along specific
directions, we combined all properties extracted from LIRAS measurements to produce an ex-
perimental dynamic elastic surface for our metamaterials (Fig. 4b, Supplementary Information
Section VI). Given their cubic symmetry, we used the experimental effective stiffness along the
[100], [110], and [111] directions, and the torsional response of the [100] samples, to construct
dynamic elasticity and compliance tensors C and § = C~', respectively. Through the relation
E; =1/, ud;d;d,d,;) for a given probing direction d, we extracted non-shear components of the
compliance tensor S. To obtain the shear components, we leveraged torsional waves to relate the
torsional wave velocity ¢y to the effective dynamic shear stiffness G = §;j for these cubic meta-

materials via the expression ¢; = K /G/p, where K is a constant defined by the cross-section

of the body undergoing torsion*® and p again denotes density of the metamaterial (Supplemen-
tary Information Section VII). The experimental dynamic elastic surfaces preserved the qualitative
anisotropy for the metamaterials, with [111] and [100] remaining as the stiffest directions in the
octet and tetrakaidecahedron, respectively, and exhibited dynamic stiffening (Fig. 4b, center) which
was computed as the difference between static and dynamic elastic surfaces. Dynamic stiffening
for both metamaterials was higher for the stiffest direction, at ~49% and ~95% for the octets and
tetrakaidecahedron, respectively. Despite the octet exhibiting omnidirectional stiffening greater
than 40%, the tetrakaidecahedron exhibited higher overall dynamic stiffening of 94%, hinting to
higher inertial contribution in this bending-dominated architecture (Supplementary Information
section VIII).

Non-destructive defect identification

Despite multiple routes to fabricate mechanical metamaterials across scales, various forms of
defects emerge from fabrication or processing issues and ultimately degrade their mechanical
properties®*7 At nano-to-microscales, metamaterials still rely on post-fabrication characteriza-
tion via SEM or 3D X-ray computer tomography (XCT)'®, with inevitable limitations of resolution
and time-consuming scans. Other non-destructive techniques employing contact-based ultrasound
have been widely employed in structural health monitoring, but they remain inapplicable to small
length scales pertinent to metamaterials or microscale electro-mechanical devices.

As an alternative route, we leveraged LIRAS to provide high-throughput defect identifi-
cation within microscopic samples by measuring changes in their wave propagation response.
Specifically, following the center-pump scheme, we identified changes in resonant frequencies
as a function of defect density. To validate these capabilities, we studied solid inclusions and
missing features, which are common defects in microfabrication techniques such as two-photon
lithography?®+’ or larger-scale light-based printing techniques. To mimic solid-inclusion defects
commonly caused by unpolymerized resin trapped within the sample, we designed and fabricated
5 X 5 x 10 octet metamaterials with varying degrees of cubic solid inclusions per vertical tessel-
lation layer—undetectable via standard SEM characterization (Fig. 5a). Matching inclusion sizes
to those of ~10 wm octet unit cells, we fabricated samples spanning from zero to four defects

13
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Figure 5 | Vibrational defect identification. a, Octet 5 X 5 X 10 metamaterials with internal solid cubic
inclusions (CAD and SEM), increasing from 0 to 4 inclusions per n tessellation. b, Measured shift in
resonant frequencies as a function of inclusion-defect density using the center-pump LIRAS scheme. c,
Octahedron 5 X 5 X 10 metamaterials with missing beams (CAD and SEM), increasing from 0 to 40%
missing features. d, Measured shift in longitudinal and flexural resonant frequencies, denoting a linear
decrease in frequencies as a function of defect density. Black scale bars, 20 wm; white scale bars, 10 um.

per layer, measuring their primary resonant mode upon excitation. These experiments identified a
~2% to 8% increase in resonant frequency when the number of defects per layer ranged from 1 to
3, with respect to an inclusion-free sample (Fig. 5b). A 23% increase in frequency was observed at
4 inclusions per layer, likely due to cumulative solid inclusions resulting in solid domains across
several layers which contributed to a significant stiffness increase.

To mimic the second defect type, we designed 5 X 5 X 10 octahedron metamaterials (unit
cell size of 10 wm) with intentionally removed beams throughout the tessellation. We selected
the octahedron morphology since it retained the octet’s stretching-dominated response?®, but its
lower beam connectivity enabled easier defect visualization (see Supplementary Information sec-
tion IX for other morphologies). Starting with a perfect tessellation, we fabricated samples with
various percentages of missing beams, with a maximum of 40% missing features to ensure struc-
tural integrity (Fig. 5¢). LIRAS measurements indicated a gradual decrease in resonant frequency
for longitudinal and flexural modes (Fig. 5d, Supplementary Information Section IX). Assuming a
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linear decrease in longitudinal frequency as a function of missing beams, we identified a 27 kHz
decrease per percent of missing beams, compared to a 7 kHz decrease per missing-beam percent
for flexural modes. Both defect explorations indicated that a resonant frequency shift provided
sufficient resolution to determine defect densities that were otherwise impossible to identify or
quantify efficiently.

Summary and Outlook

In summary, we have designed and demonstrated a laser-based framework that enables non-contact
high-throughput characterization of microscopic metamaterials. Leveraging elastic wave prop-
agation within the materials, we extracted the full dynamic elasticity tensor and characterized
mechanical-wave propagation, damping properties, and quantified the presence of defects. Fur-
thermore, we uncovered the interplay between viscoelastic material properties and 3D architec-
ture, demonstrating direction- and architecture-dependent dynamic stiffening and damping prop-
erties. With growing scientific interest in the dynamics of metamaterials, experimental validation
to predicted responses is needed, opening the door to high-throughput and non-destructive charac-
terization under extreme conditions.'® High-throughput characterization techniques (refer to tab-
ular comparison between different techniques in Supplementary Information Section X) in these
regimes will also enable rapid creation of experimental datasets for data-driven design, acceler-
ating metamaterial applications in thriving fields relevant to medical ultrasound® and nonlinear
wave propagation.” This framework paves the way for high-throughput discovery of novel nano-
and micro-architected materials, on-the-fly defect identification in advanced microscale devices,
and microscopic acoustic metamaterial design for medical ultrasound devices.

Methods

Laser-Induced Resonant Acoustic Spectroscopy (LIRAS) method

The pump laser was generated from the uncompressed output of a Ti:Sapphire regenerative am-
plifier (Coherent Astrella) with a central wavelength of 800 nm, 1 kHz repetition rate, and a pulse
duration of 300 ps. A pulse energy of 20 to 50 uJ was applied to induce sudden thermal expansion
on the metal-coated (50 nm thick Cr or Au/Pd) sample surface. The probe laser was comprised of a
phase mask interferometer driven by a continuous-wave (CW) laser (Coherent Verdi) with 532 nm
wavelength and 10 mW maximum output power, while only ~2.5 mW was shone on the sample to
avoid damage, monitored by a CCD camera (Hamamatshu Orca C13440). This phase-mask inter-
ferometer measured the surface displacement of a given sample as a function of time. Specifically,
two CW-laser beams—formed as a result of beam-splitting by the phase mask—were focused on
(1) a vibrating sample, and (i1) a static reference sample, respectively (Extended Data Fig. 1). The
reflected laser beams from the two samples were recombined by the same phase mask, and the
resulting interferometric beam was registered by an avalanche photodetector (c5658, Hamamatsu)
with 1 GHz bandwidth and 50 kHz low-frequency cut-off. While vibrating, the sample surface
displacement u,(f) induced an optical path difference & = 2u,(¢) between both arms of the inter-
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ferometer, which was translated into a change of intensity of the signal beam and a measurable
change in photovoltage by the photodetector.

Since the pump laser repetition rate was 1 kHz, it excited a resonant vibration 1,000 times
per second in a given sample. Consequently, our measurement had a high signal-to-noise ratio
attained by averaging of detected waveforms over 10,000 repeated measurements. Due to the
acquisition speed in the waveform averaging mode of our oscilloscope (Tektronix TDS 7404), the
actual measurement time ranged from 1 to ~3 minutes depending on the signal length and sampling
rate.

The interferometric signal V(7) registered by the photodetector was translated to the sample
surface displacement u,(¢) by u, (1) = A/(4n) sin"'(2V/V,) with A = 532 nm as the wavelength of
the CW laser and V}, as the operational range of the photovoltage. Note that the measurement range
was limited to a maximum surface displacement of 66.5 nm when the interferometer was operating
at the highest sensitivity. However, that range could be extended by tuning the initial phase offset
of the interferometer, achieved by a horizontal translation of the phase mask. Because the pump
laser induced not only acoustic waves, but also thermal expansion, the surface displacement of
the sample showed a combined effect at two different time scales. To eliminate the slow-varying
thermal signal (typically ps-periodicity), we fit the displacement waveform with a polynomial
function of up to fifth order and subsequently subtracted it from the signal.

Fabrication of polymeric samples

Polymeric samples were fabricated out of IP-Dip resin using a two-photon polymerization system
(PPGT2, Nanoscribe GmbH). Octet and tetrakaidecahedron unit cells of nominal dimensions of
10x10x10 um?® and strut diameters of 1 um were the standard metamaterial unit cells. Tessellations
of 5 X5 X n unit cells, with n ranging from 4 to 22, comprised the rod-like metamaterial samples in
this work. Samples were fabricated with a writing speed of ~10 mm s~! and laser power of 30 mW
for lattices and 25 mW for monolithic samples. The samples were printed on a glass chip coated
with an indium tin oxide (ITO) thin film as the substrate; the coating facilitated better interface
finding between the resin and the glass. All samples were developed for 20 min in propylene glycol
monomethyl ether acetate (PGMEA), followed by a 5 min. rinse in isopropanol and subsequent
drying in a critical point dryer (Autosamdri 931, Tousimis). After fabrication and drying, the
chips were coated with 50 nm of Cr by a sputter deposition tool (Orion, AJA International Inc.),
yielding a reflective surface for LIRAS excitation. Relative density of each lattice was determined
by measuring geometric feature dimensions of each unit cell via scanning electron microscopy
(SEM), including unit cell size and strut dimensions, then modeling the unit cell in SolidWorks.
The volume of the unit cell was then tabulated and divided by the unit cell bounding-box volume
to obtain the relative density. The IP-Dip polymer density was 1170 kg/m? (Nanoscribe GmbH),
and the relative density for the as-fabricated octet metamaterials was 17 %, yielding 199 kg/m?
as the effective octet lattice density. The relative density of the as-fabricated tetrakaidecahedron
metamaterials was 14%, yielding 162 kg/m? as the effective tetrakaidecahedron lattice density.
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Fabrication of defect-containing samples

The defect-containing 5 X 5 X 10 samples with bulk inclusions or missing beams were fabricated
using the same parameters and process as the octet and tetrakaidecahedron samples. The inclu-
sions were distributed inside the samples, within the inner 3 X 3 X 9 core, such that they were not
identifiable via SEM characterization. The missing-beam locations in the octahedron (or braced
cubic, Supplementary Information IX) geometries were randomly assigned, resulting in a random
distribution of defects within a given sample. A custom code was employed to create missing-beam
geometries with various percentages of missing struts, which produced STL files for fabrication
via two-photon lithography.

Experimental dispersion relation calculation

The LIRAS voltage-time signals (converted to displacement-time signals via interferometer cali-
bration) were analyzed in MATLAB to remove the thermal background by subtracting the raw data
with a fifth-order polynomial fit function (Extended Data Fig. 3). The resulting waveform signal
was conditioned with a moving-average filter spanning 5 data points. We extracted the resonant
frequencies in the signal by taking the fast Fourier transform (FFT) of the time derivative of the
waveform, followed by identification of frequency peaks as shown in Extended Data Fig. 6. The
wavenumber for a given peak was calculated as k = 1/(4H) with H denoting the sample height,
which was measured via laser confocal microscopy and SEM characterization. Using frequencies
extracted from the FFT and calculated wavenumbers from each sample, we constructed partial
experimental dispersion relations by plotting frequency f as a function of wavenumber k. To cor-
rectly assign each vibration mode to its corresponding dispersion relation, we selectively excited
resonant modes and distinguished dispersion trends accordingly. As demonstrated in Fig. 2b—d, a
center-pump scheme mainly induced a longitudinal mode, which appeared as the dominant peak in
the frequency spectra. Correspondingly, the off-center-pump scheme led to a dominant spectrum
peak related to a bending or flexural mode. The transverse-pump scheme excited both flexural and
torsional modes. Dispersion analysis*® was used to distinguish flexural and torsional modes (see
Extended Data Fig. 5). Since the fundamental mode was the most dominant peak in the spectra,
it was the first to be determined. Subsequently, the expected 3rd and Sth-order harmonics of the
modes were calculated by multiplying the measured fundamental frequencies by factors of 3 and 5.
All the other measured spectrum peaks were plotted on the same dispersion figure to compare with
the higher harmonics of the modes. The modes that matched the expected values were confirmed
as higher harmonics. Torsional frequencies were found to be distinctly different to those of other
modes.

LIRAS strain rate estimation

Once we obtain the thermal-signal-free time-displacement curves from a LIRAS measurement,
dividing by the sample height approximates the effective strain as a function of time &(f) (see
Supplementary Information Section III). Subsequently, the corresponding strain rates £(¢) can be
obtained by taking the time derivative of the strain. The characteristic strain rate for each structure
is then calculated by taking the average of the RMS strain rate of the tallest 5 samples (long-
wavelength limit). Since free-vibration and subsequent attenuation of the samples encompassed a
range of strain rates, the bounds for these ranges were calculated by considering the RMS strain
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rates for the first and last wavelengths of the signal as shown in Extended Data Fig. 7 and discussed
in Supplementary Information Section IV.

Experimental dynamic elastic surface calculation

The directional stiffness was obtained from the longitudinal and torsional wave speeds for 5x5 X n
octet and tetrakaidecahedron lattices in different crystallographic orientations. The components of
the dynamic compliance tensor, Si i« were obtained by considering their relation to the effective di-
rectional stiffness in prescribed directions (see Supplementary Information Section V). The elastic
surface can be computed by calculating the directional stiffness, which for a given direction d is

A

giVGl’l by Ed = S[jk[didjdkd[.

Damping quantification

The damping coeflicients are extracted using only the longitudinal mode due to its strong signal.
Using MATLAB to analyze the FFT spectra, we extracted the central frequency of the fundamen-
tal longitudinal spectral peak in addition to its full width at half maximum (FWHM), as described
in Supplementary Information Section V. Applying a damped harmonic oscillator model to our
metamaterial, the FWHM in the frequency domain is related to the decay parameter S(f) through
B(f) =FWHMy/2. The spatial attenuation coefficient a(f) can be thus derived from the measured
acoustic wave velocities ¢, ; through a(f) = 5(f)/c, 1. The decay parameter of a classical damped
harmonic oscillator can be found by fitting the envelope of the waveform with an exponential
function Ae . However, due to the multi-modal signal with multiple frequency components (Sup-
plementary Information Section V), we elect to perform the damping analysis only in the frequency
domain using solely the longitudinal-mode peak.

Quasi-static and dynamic contact-based uniaxial compression experiments

Uniaxial compressions were performed using an Alemnis ASA nanoindenter with a 400 um-
diameter diamond flat-punch tip at strain rates ranging from 10~ s! (quasi-static) to 10? s7'.
Quasi-static experiments were performed on IP-Dip pillars (162.8 pm tall and 50 um-wide square
cross-section) and 5x5x10 octet and tetrakaidecahedron [100], [110], and [111] lattices. The IP-
Dip pillars and octet lattices were printed on a silicon substrate using two-photon polymerization
at a laser power of 22.5 mW and 30 mW, respectively. A standard load cell with a load range of 2.5
N and a piezostack with a displacement range of 100 um were used for compression. The tip was
operated in a displacement-controlled mode. The high-strain-rate experiments were performed on
IP-Dip pillars (diameter of 21.9 um, height of 43.3 um) and 5x5x5 octet and tetrakaidecahedron
[100] lattices (for consistency, these samples were also compressed at a quasi-static strain rate of
1073 s71). For high-rate compressions, we employed the Alemnis high strain rate (HSR) module,
comprised of a mini load cell (MLC) connected to a signal amplifier. Displacement rates from 50
nm/s to 5 mm/s were applied while maintaining close to 2 x 10 points for sampling the data at
all strain rates. The displacement rates were set by assuming a constant sensitivity (the ratio of
the change in displacement to the change in voltage of the piezo stack) determined through an air
indent and then setting up a voltage ramp with smoothing. For strain rates of 10~ and 1072 s7!,
a maximum displacement of 10 um was applied. For a strain rate of 10° s™!, a displacement of
30 wm was applied and the samples were compressed in the last 15 um of the compression. This
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procedure ensured that the indenter tip accelerated and reached a constant displacement rate before
coming in contact with the sample. Similarly for strain rates above 10° s™!, a total displacement of
80 um was applied with the sample coming in contact in the last 40% of the displacement range.
The effective stiffness of the samples was measured by calculating the slope of a least-squares
linear fit to the linear loading region of the stress-strain data. The strain range for the linear fit
was restricted to 3% strain—well within the yield point of the samples. The strain rate for the
samples was determined by measuring the total change in strain over the range of the linear fit for
the stiffness and dividing that by the time taken for the change in strain. These are all found to be
within 5% of the strain rate set for each study.

Computational Analysis

Dynamic explicit simulations

We conducted dynamic explicit simulations in ABAQUS/Explicit on an octet and tetrakaidecahe-
dron unit cells with unit cell size of 7.5 mm and relative densities of 14% and 17% respectively.
The unit cells were meshed with C3D10M elements. The compression was enforced with top and
bottom planes tied and coupled kinematically to the top and bottom of the unit cell, respectively.
The top plate was set to compress such that a maximum 5% engineering strain was enforced at a 60
s~! strain rate with general contact properties, and an encastre boundary condition for all degrees
of freedom on the bottom plate. Material properties were set such that Young’s modulus of the
constituent material was 2.7 GPa, density was 1,200 kg/m3, and Poisson’s ratio was 0.49.

Eigenfrequency analysis

We conducted the eigenfrequency simulations using the solid mechanics module in COMSOL.
As in the experiments, the bottom of each metamaterial sample was fixed while all other parts
were free to vibrate. The modeled geometry reflected measured values of fabricated samples, with
octet unit cell sizes of 9 um and strut radius of 0.58 um. The models output the eigenfrequency f
corresponding to each vibration mode for different sample heights, i.e., different wavenumbers k.
Thereby, we constructed a simulated acoustic dispersion relation f(k) for finite lattice tessellations
of a cross-section of 5 X 5 unit cells in x and y directions with varying numbers of unit cells in the z
direction. Monolithic samples were also simulated with a similar aspect ratios, with a fixed cross-
section of 50 wm by 50 um with different heights such that a rod-wave approximation was achieved
(Extended Data Fig. 2). Since different strain-rate compressions of monolithic samples confirmed a
rate-dependent stiffness of the IP-Dip polymer, the scaling was determined to be E* = 4.216 £%04
GPa. The strain rate & was estimated via the method described in Extended Data Fig. 9. We simu-
lated lower, middle, and upper eigenfrequencies by simulating with Young’s moduli corresponding
to the quasi-static effective Young’s Modulus of 2.7 GPa, mean RMS dynamic effective stiffness of
4.522 GPa (strain rate of 4.84 s™!), and maximum dynamic effective stiffness of 5.168 GPa (strain
rate of 97 s71), respectively. Other material properties were held constant with Poisson’s ratio of
0.49 and density of 1,170 kg/m>. Mesh size was determined by keeping a constant maximum and
minimum element size, leading to ~ 85, 000 tetrahedral elements per tessellation layer, as this was
the finest possible mesh size due to computational constraints.
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Bloch-wave analysis

In addition to the eigenfrequency simulation, we applied Bloch-wave analysis within a finite ele-
ment method framework to obtain a dispersion relation for octet lattices (Extended Data Fig. 10).
We simulated Bloch-wave analysis with experimental geometric values of octet unit cell size 9 um,
elliptical strut width of 0.9 um, elliptical strut height of 1.96 um, and material properties of Young’s
modulus of 4.522 GPa (corresponding to strain rate of 4.84 1/s), Poisson’s ratio of 0.49, and den-
sity of 1170 kg/m>. We used Floquet-Bloch periodic boundary conditions in the COMSOL Solid
Mechanics module, using symmetric fine physics-controlled mesh. We extracted the first three
modes corresponding to the lowest longitudinal and two transverse waves of the lattice structure
and calculated a best fit using least-squares regression to extract the longitudinal and shear wave
velocities, which were used to populate the stiffness tensor; we then obtained Young’s modulus
and shear modulus from the compliance tensor . We used volume-averaged modal displacement
along principal directions to identify the mode shapes.

Static homogenization

To obtain the directional stiffness, computational homogenization for the octet and tetrakaideca-
hedron morphologies was performed on ABAQUS/Standard (Simulia). Octet and tetrakaidecahe-
dron unit cells were built using the ABAQUS CAD module and meshed with quadratic tetrahedral
(C3D10) elements with full integration. A Young’s Modulus of 2.7 GPa and a Poisson’s ratio
of 0.49 were used for the simulations. A mesh-convergence study was performed to give a final
mesh size of 38,660 elements and 152,682 elements for the octet and tetrakaidecahedron unit cell
meshes, respectively. Periodic Boundary Conditions (PBC)?! were applied such that the relative
displacement between opposite faces was constrained and an average strain was imposed on the
unit cell. Linear perturbation was performed on the unit cells for 6 linearly independent strain vec-
tors. The corresponding stresses for the applied strains were obtained and the compliance tensor §
was constructed from these.
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Extended Data Figure 1 | LIRAS setup schematics. The red beam indicates the picosecond laser serving
as the pump laser, and the green beams indicate the continuous-wave (CW) laser as the probe laser. The
CMOS camera serves to monitor the samples. The interferometric signal corresponding to the waveforms
of the sample-surface displacement are registered by an avalanche photodiode. The dashed boxes indicate
variations of the LIRAS setup for the selective excitation of a, longitudinal & flexural, and b, torsional

modes.
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Extended Data Figure 2 | Eigenfrequency studies to validate rod-wave approximations. a, Eigenfre-
quency analysis of monolithic Ip-Dip pillars (density 1170 kg/m?, Young’s modulus 2.7 GPa, and Poisson’s
ratio 0.49) of different aspect ratios; b, corresponding computed wave velocities. ¢, Computation of octet
eigenfrequencies of different heights with a fixed cross-section of 50 pm x 50 um (i.e., a 5x5 tessellation);
d, corresponding computed wave velocities. While no clear longitudinal mode could be identified for short
samples with heights < 20 um, taller samples asymptotically approached the theoretical rod-wave-velocity
value (dashed lines in b and d). e, Bloch-wave analyses on n X n X oo tessellations (co tessellation in the
z-direction stems from Bloch-Floquet periodic boundary conditions) yield dispersion relations as a function
of wave vector k; for each of these n X n cross-sections. Longitudinal and transverse bands for tessellations
ranging from n = 5 to 9 are in agreement within the long-wavelength limit, indicating that cross-sectional
tessellations of n > 5 enable the homogenization approximation.
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Extended Data Figure 3 | Signal processing for LIRAS measurements. For each pump scheme, pho-
tovoltage is plotted as a function of time, corresponding to the surface displacement as a function of time.
The thermal background is removed by subtracting the raw data with a fifth-order polynomial fit function.
Subsequently, the background-subtracted time-domain signal is converted into the frequency domain using
a fast Fourier transform (FFT). Here, the signal of a 5 X 5 X 22 octet in the [100] orientation is chosen for
demonstration purposes.
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Extended Data Figure 4 | Acoustic spectra and dispersion relations of tetrakaidecahedron samples. a,
SEM images of selected [100] samples for illustration. Scale bar, 50 um. b, Acoustic spectra experimentally
determined using the center-pump scheme of LIRAS. ¢, Transverse-pump scheme representative data. d,
Dispersion relations extracted from the spectra.
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Extended Data Figure 5 | Experimental dispersion trend analysis for spectral-peak identification.
Long-wavelength-limit dispersion relations extracted from Fig. 2e for monolithic IP-Dip polymer (left) and
octet [100] (right) samples for a transverse-pump scheme. The spectral peaks with a nondispersive behavior
(linear relation between frequency and wavenumber) correspond to the torsional modes. Following elastic-
ity theory, longitudinal and torsional waves are nondispersive in the long-wavelength limit, while flexural
waves have distinctive quadratic dispersion*®. Furthermore, since the longitudinal mode is not activated
in the transverse pump scheme, the torsional mode can be assigned to the spectral peak with a linear f(k)
relation. The expected 3rd and Sth-order harmonics of the flexural mode are calculated by multiplying the
measured fundamental flexural frequencies by factors 3 and 5, respectively.
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Extended Data Figure 6 | Ilustration of vibrational modes corresponding to the measured acoustic
spectra using FEM simulation. Shaded regions show eigenfrequency-simulation lower (quasi-static ef-
fective Young’s modulus) and upper (high-strain-rate effective stiffness) bounds. Sample center-pump and
off-center-pump FFTs (pictured with a DC offset for clarity) and their corresponding longitudinal and bend-
ing modes, respectively, are pictured for monolithic and octet [100] samples. Note that the torsional mode
is determined in separate spectra.
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Extended Data Figure 7 | Strain rate analysis. A 5%5%20 octet sample in the [100] direction is chosen for
display, demonstrating calculation of an approximate time-dependent strain rate from LIRAS measurements.
From the time-displacement measurements (second panel), the strain is approximated by dividing by the
sample height, while the strain rate is obtained from the time derivative of the strain-time signals (see
Supplementary Information Sections III & IV). Due to the time-dependent magnitude of the strain rate, we
obtain characteristic strain rates by computing the root mean square (RMS) strain rate for every wavelength
(shown as windowed [blue]) as well as the cumulative RMS strain rate over multiple wavelengths up to a
certain point in time (shown as cumulative [red]) in the third panel. The RMS strain rate over the entire
signal is extracted as the primary characteristic strain rate for each experiment (dashed line in third panel).
The RMS strain rates calculated over the first and last wavelengths are considered as the higher and lower
strain-rate limits, respectively. The corresponding strain-rate range is thus presented as shaded regions in the
fourth panel. The average of these values over the tallest five pillars/lattices (5-lowest wavenumber samples
in the first panel) is taken as the characteristic strain rate and its limits for that structure. We selected this
single value of RMS strain rate to be representative for LIRAS experiments on each structure.
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Extended Data Figure 8 | Quasi-static and dynamic uniaxial compression experiments. Quasi-static
compression (& = 1073 s71) of 5 x 5 x 5 octet and tetrakaidecahedron metamaterials, and monolithic pillar
(left). Stress-strain plots for octet (blue) and monolithic pillar (purple) samples for strain rates from 1072
s~ to 10? s7! (right). The quasi-static response is overlaid in grey for the higher-strain-rate responses.
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Extended Data Figure 9 | Dynamic explicit simulation of octet unit cell at 60 s~! strain rate. 3D plot
of the maximum absolute logarithmic strain () is shown for a particular time instant when the applied
engineering strain is 5%. Maximum absolute logarithmic strain and strain rate as a function of time are
shown at the 4 representative material points labeled in the 3D plot (middle panel). The maximum strain
rate is seen at point 2 for the given applied engineering strain rate. The volume-averaged maximum absolute
logarithmic strain rate is approximated to be 48% of the applied engineering strain rate.
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Extended Data Figure 10 | Bloch-wave velocity extraction and comparison of numerical and experi-
mental effective stiffness and effective shear stiffness. Longitudinal and shear velocities were extracted
from the slope of the linear portion of the longitudinal and shear bands of the =X orientation, respectively.
Transverse velocities were extracted from the linear portion of the shear band of the '-M orientation, but are
not pictured. The bar plot depicts the difference in effective stiffness and effective shear stiffness obtained
from Bloch-wave analysis* and eigenfrequency simulations compared to LIRAS experiments. The higher
shear stiffness observed in eigenfrequency analysis might indicate that the chosen material properties are
higher than in reality for this torsional mode, since the chosen material properties were matched to the strain
rates of the longitudinal mode. In other words, the material-point strain rates in the torsional mode are likely
lower than those for the longitudinal mode.
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