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Architected materials that control elastic wave propagation are
essential in vibration mitigation and sound attenuation. Phononic
crystals and acoustic metamaterials use band-gap engineering to
forbid certain frequencies from propagating through a material.
However, existing solutions are limited in the low-frequency
regimes and in their bandwidth of operation because they require
impractical sizes and masses. Here, we present a class of materials
(labeled elastic metastructures) that supports the formation of
wide and low-frequency band gaps, while simultaneously reducing
their global mass. To achieve these properties, the metastructures
combine local resonances with structural modes of a periodic
architected lattice. Whereas the band gaps in these metastructures
are induced by Bragg scattering mechanisms, their key feature is
that the band-gap size and frequency range can be controlled and
broadened through local resonances, which are linked to changes in
the lattice geometry. We demonstrate these principles experimen-
tally, using advanced additive manufacturing methods, and inform
our designs using finite-element simulations. This design strategy
has a broad range of applications, including control of structural
vibrations, noise, and shock mitigation.

metamaterials | phononic crystals | band gaps | 3D printing |
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Architected materials exploit the geometry of their structure,
which can be directly designed, to attain properties not
common in bulk, continuum media. The underlying principles
that determine the dynamic properties of architected materials
are applicable across several length scales, and can be used to
control phonons or elastic and acoustic waves, as in phononic
crystals and acoustic metamaterials. In the linear regime, de-
creasing the size of the geometrical feature designed in the
structure increases the operational frequency. This opens op-
portunities to control elastic/acoustic waves ranging from seismic
excitations (hertz), structural vibrations (kilohertz), ultrasonic
waves in microelectromechanical systems (MEMS) devices
(megahertz), and thermal phonons in, e.g., thermoelectric ma-
terials (terahertz) (1-3).

Advanced manufacturing techniques, such as 3D printing,
have progressed over size scales, ranging from meters down to
nanometers. With these techniques, complex structures can be
realized in many materials such as polymers, metals, and ceramics.
Here, we design and test 3D-printed, composite materials, which
combine a polymeric matrix with metallic components, and pre-
sent a previously unidentified type of architected materials for
broadband vibration mitigation.

Phononic crystals (PCs) consist of periodic arrangements of
materials or components with controlled spatial sizes and elastic
properties. When excited by an acoustic or elastic wave, PCs
exhibit band gaps, or ranges of frequencies that cannot propa-
gate through their bulk and decay exponentially. The band gaps
in PCs arise from Bragg scattering mechanisms, and can be quite
wide, making them desirable in sound mitigation and vibration
absorption applications (4-8). However, the periodicity dimension
and the material properties of the crystal’s components limit the
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frequency range of band gaps found in PCs. These constraints
limit the use of PCs in applications targeting low frequencies,
because PCs would require impractically large geometries. To
induce low-frequency band gaps, it is possible to design “meta-
materials” that exploit locally resonant masses to absorb energy
around their resonant frequency (9-12). However, band gaps in
metamaterials are typically narrow-band in both acoustic (9, 13)
and elastic wave attenuation applications (10, 14-16). Previous
works have used concepts such as rainbow trapping effects (17),
inertial amplification (8, 18), and combinations of phononic and
locally resonant band gaps (19) to achieve wide and low-frequency
band gaps.

Here, we introduce a different solution for opening low-fre-
quency and wide band gaps: the coupling of local resonances
with structural modes of an architected lattice, in what we refer
to as “elastic metastructures.” These metastructures are funda-
mentally different from metamaterials that incorporate resona-
tors surrounded by a soft coating to induce low-frequency band
gaps (9, 19), because our metastructures exploit the geometry of
the structure instead of material properties to selectively alter
different locally resonant modes. Further, these metastructures
are not typical of traditional PCs because their band gaps can be
tuned through local resonances. For concept validation, we design
a 3D-printable elastic metastructure that combines characteristics
of both metamaterials (i.e., local resonances) and PCs (i.e., peri-
odicity), to achieve wide and low band gaps.

Unit Cell Design and Fabrication

The metastructures consist of a polycarbonate lattice, with em-
bedded steel cubes acting as local resonators. The fundamental
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design components and the metastructure fabrication are shown in
Fig. 1. The basic building block of our metastructures is a primitive
cubic cell of polycarbonate (Fig. 14). The unit cell is made of 12
beams of length L (3.65 mm) and thickness #/2 (0.55 mm). By
tessellating this primitive cell in three dimensions, we create the
periodic lattice, which serves as a structural support matrix. We
consider volume elements composed of 5 x 5 X 5 primitive cells as
a mesoscale cell, with side length a (18.25 mm).

Metallic inclusions were embedded in the polycarbonate ma-
trix to support the formation of low-frequency local resonances.
To incorporate these inclusions, we embed steel cubes coated in
a layer of polycarbonate, roughly the dimensions of 3 x 3 x 3
primitive cells, inside the mesoscale cells (Fig. 1B). The metallic
mass constitutes 11% volume fraction of each individual meso-
scale cell. The complete metastructure is formed by creating
a one-dimensional array of these cells (Fig. 1 G and H) along the
x direction to effectively form an infinitely long beam. The
presence of a periodic polymeric lattice, which functions as a
matrix surrounding the metallic elements, enables direct control

A B FESSS

rME@EEm
CE@mEa
LEmE |,
Lt b ol

12

O
ui ‘
u

=

Fig. 1. Metastructure design from unit cell to functional 3D-printed com-
ponent. (A) Primitive unit cell of the cubic lattice. (B) Mesoscale unit cell with
embedded resonator (area in purple). The primitive unit cell is indicated by
the dashed box. (C) One-dimensional chain of mesoscale unit cells with pe-
riodicity in the x direction. (D) High-stiffness, (E) mid-stiffness, and (F) low-
stiffness metastructures, all shown with the modal displacement of the
longitudinal locally resonant mode. (G) Photograph of a metastructure
during 3D printing, with polycarbonate lattice (white), support material
(brown), and embedded steel resonators (gray). (H) Final 3D-printed meta-
structure with embedded resonators.
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of the local resonances of the metastructure through small var-
iations of the lattice geometry.

We focus on three lattice designs: a high-stiffness meta-
structure and two modifications of this structure to form a mid-
stiffness and low-stiffness metastructure. The high-stiffness
metastructure is obtained using primitive unit cells to completely
surround and embed in a structured matrix the steel resonators
(Fig. 1D). The mid-stiffness and low-stiffness metastructures are
designed to specifically lower the longitudinal locally resonant
mode. The mid-stiffness metastructure is obtained by removing
24 horizontal beams from the resonator sides (Fig. 1E), from the
initial high-stiffness geometry that contains 96 beams connected
to the resonator sides. The low-stiffness metastructure is obtained
by removing 32 horizontal beams from the initial high-stiffness
geometry (Fig. 1F). These unit cell designs allow us to study how
to use the lattice geometry to control the resonator modes, while
maximizing the band-gap width (Fig. S1).

We fabricate samples using an advanced approach that com-
bines 3D printing using fused deposition-modeling technology
(using a Fortus 400mc 3D printer) with manual components
assembling. To fabricate the metastructures, the polycarbonate
lattice is 3D-printed up to the top of the steel cubes, including a
void where the cubes will be placed. To insert the metallic cubes in
the lattice, the 3D printer is paused immediately before printing
the layer above the steel cubes, and the cubes are manually
inserted into the part. A photograph of a metastructure midprint
is shown in Fig. 1G. After completing the lattice printing, the
sample is removed from the printing chamber and cooled, during
which the polycarbonate lattice shrinks slightly, binding the steel
cubes in place. Samples for testing are printed with six unit cells
(Fig. 1H), which is sufficient to support the calculated band gaps.
We tested the samples by exciting them with structural vibrations
in the longitudinal direction and monitoring the transmission of
elastic waves with accelerometers and force sensors (Materials and
Methods, and SI Materials and Methods).

Controlling Local Resonances Through Geometry

Infinite Metastructures. The 1D dispersion relation of the high-
stiffness metastructure, calculated using finite-element (FE) mod-
eling (Materials and Methods), shows this metastructure supports a
band gap with a center frequency of 7,454 Hz and normalized
bandwidth of 27% (Fig. 24). The lower-edge mode of the band gap
is a combination of a longitudinal vibration of the embedded res-
onator, where the modal mass is primarily in the resonator that
vibrates in the direction of periodicity, and a rotational mode of the
resonator with a flexural motion of the surrounding lattice (Fig. 2
A, a4 and Fig. 1D). The upper edge mode (Fig. 2 A4, a5) is a
torsional mode.

Inspecting the edge mode shapes of the band gap in the high-
stiffness metastructure gives an understanding of the fundamental
mechanisms for band-gap formation. This allows us to identify the
correct parameters to engineer lattices with wider band gaps at
lower frequencies by controlling the locally resonant modes. In
particular, variations of the lower-edge mode stiffness can “move”
the mode toward desired frequency ranges, to engineer band gaps
at lower frequencies. In the high-stiffness metastructure, the
lower-edge mode is a longitudinal locally resonant mode, and its
stiffness stems from the response of the beams connecting the
metallic resonator to the surrounding lattice. Because the motion
of the resonator in this mode is primarily in the x direction, the
beams with axis along the x direction are under axial deformation,
whereas the beams with axis in the y- or z direction are under
bending deformation. Beams deform more easily in bending than
in axial loading, so the axially loaded beams carry a significant
portion of the stiffness of this mode. To design other meta-
structures that target this longitudinal locally resonant mode, we
remove axially loaded beams from the mesoscale cells (Fig. 1 E
and F). In the mid-stiffness metastructure, all axially loaded beams
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Fig. 2. Dispersion relations calculated with FE simulations for (4) the high-stiffness geometry, (B) the mid-stiffness geometry, and (C) the low-stiffness geometry.
In A, al-a5; B, b1-b5; and C, c1-c6 the relevant mode shapes are plotted in terms of normalized modal displacements.

except the corner beams are removed from each unit cell—in
total, 24 beams with length L and square cross-section with thick-
ness . In the low-stiffness metastructure, all axially loaded beams
are removed from each unit cell—in total, 32 beams, corresponding
to 1.6% of the structural mass.

The mid-stiffness metastructure shows a wider and lower band
gap than the high-stiffness structure (Fig. 2B), with a center
frequency of 6,212 Hz and bandwidth of 49%. The longitudinal
mode (Fig. 2 B, b2) has dropped well below the second flexural
mode (Fig. 2 B, b3), which now dictates the lower edge of the
band gap. This change in mode order shows our ability to ma-
nipulate the locally resonant modes with geometry. The upper
edge of the band gap is still the higher-order torsional mode (Fig.
2 B, b5) that has only decreased slightly in frequency. We were
able to prevent this mode from decreasing in frequency through the
unit cell design—the corner beams that remain on the mid-stiffness

metastructure provide a significant portion of the stiffness of
this lattice mode.

The low-stiffness metastructure supports an even lower and
wider band gap (Fig. 2C), with a center frequency of 4,822 Hz
with a normalized bandwidth of 62%. The lower edge of the
band gap is the second flexural mode (Fig. 2 C, ¢3) that de-
creased further in frequency from the mid-stiffness metastructure,
whereas the longitudinal mode (Fig. 2 C, cI) has also decreased
further, even below the torsional resonant mode (Fig. 2 C, c2).
Two modes containing pure lattice deformations reside within
the band gap (Fig. 2 C, c4), but due to their near-zero group
velocity they do not propagate and remain highly localized. It is
clear that the removed beams had a strong contribution to the
stiffness of the longitudinal mode, evident in the edge frequency
reduction from 6,433 to 2,052 Hz from the high-stiffness to the low-
stiffness metastructure. The removal of the beams also decoupled
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Fig. 3. Low-stiffness metastructure band-gap dependence on (A) unit cell size a with constant resonator size r; (i.e., inverse of resonator packing density,
rs/a); (B) resonator filling fraction (constant unit cell size); and (C) beam thickness t normalized by beam length L. Data points indicate the band-gap center
frequency; bars indicate bandwidth. Shaded regions indicate presence of band gaps, and the solid vertical line indicates the operational point of the
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Fig. 4. FE simulation transmission (dashed red) through the six-unit cell
metastructures and experimental results (solid blue) for the (A) high-stiffness
and (B) low-stiffness metastructures. Results are individually normalized by
the structural response at 100 Hz. Black vertical lines indicate band-gap
edges calculated from the infinite metastructure dispersion relations, and
green vertical lines indicate other modes in the dispersion dictating band gaps
in the finite metastructures. Frequencies of these vertical lines are indicated as
star data points in Fig. 2. (C) Photograph of experimental setup measuring
acceleration along the metastructure length as shown in Movie S1.

the successive resonators, causing a decrease of the group velocity
of the lower acoustic modes, as evident by the flatter bands toward
the edge of the band structure. These numerical results show that
we can significantly lower and widen the band gaps in these meta-
structures by tuning the local resonances through the manipulation
of key geometrical parameters.

Design Flexibility. Further modifications to the metastructure
geometry can result in widely different dispersion characteris-
tics. Fig. 3 shows how tuning (4) the resonator packing density,
(B) the resonator filling fraction, and (C) the thickness of the lattice
beams can result in a variety of band-gap formations in the low-
stiffness metastructure. For example, increasing the beam thick-
ness with respect to beam length results in higher and narrower
band gaps (Fig. 3C). Fig. 3B shows that the band-gap mechanism
in these metastructures is not characteristic of typical Bragg
scattering, where there is an intermediary filling fraction that
yields the widest band gap (20). Fig. 34 shows the band gap is also
not characteristic of the three-component locally resonant meta-
material concept where there is a monotonic increase of band-gap
width with increasing resonator packing density, where the lower
mode remains unchanged (21). When increasing the mesoscale
size (i.e., decreasing the resonator packing density), the lower
band gap decreases in frequency as shown in Fig. 34, consistent
with Bragg-scattering-induced band gaps. The increase in lattice
volume also causes both localized modes within the band gap of
the low-stiffness metastructure to turn into propagating modes,
breaking up the band gap. These results illustrate the flexibility of a
simple lattice design in terms of a variety of band-gap formations,
and also shed light on the complexity of the character of the
band gaps.
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Finite Metastructures. The elastic wave transmission through six
unit cell metastructures, similar to the experimental samples, was
calculated with FE simulations (Fig. 4 A and B). Band gaps are
evident between 6,000 and 9,500 Hz and between 2,040 and
8,360 Hz in the high- and low-stiffness metastructures, re-
spectively. These results show quantitative agreement with the
simulations of the infinite metastructures (Fig. 2.4 and C), when
taking into account that only x-direction motion is excited in the
finite structures. Modes that do not have primary displacement
in the x direction are not efficiently excited because the material
is driven only in the x direction and thus do not play an important
role in the dynamics of the finite structures, compared with the
predictions obtained for an infinite system.

We experimentally tested finite metastructures in the high-
and low-stiffness geometries (Fig. S2). Good agreement is seen
between experiment and FE simulations in both the lower
structural modes, as well as with the band-gap edges in both
geometries (Fig. 4 A and B). Band gaps are measured between
6,020 and 10,000 Hz and between 2,150 and 6,110 Hz, in the
high- and low-stiffness metastructure, respectively. Whereas ex-
perimental results show the presence of some high-frequency
modes not observed in the finite-structure FE simulations, these
peaks show good agreement with edge modes calculated in the
dispersion relation for infinite structures. The presence of in-
consistencies between the FE results and experiments may be
due to small misalignments in the experimental setup, as well as
not being able to experimentally excite modes with a negative
group velocity, and are further discussed in Supporting In-
formation.

Additional validation of the presence of band gaps in the ex-
perimental samples is shown in Movie S1 (also Fig. 4C), where
the elastic wave response is measured at selected points along the
length of the metastructure. The video clearly shows the wide
band gap in the low-stiffness metastructure, where the measured
responses approach zero, whereas the high-stiffness metastructure
still supports elastic wave transmission.

It is evident that the numerical model is able to capture and
predict the experimental response of the metastructures. This
supports the design strategy in which informed changes to the
lattice geometry can control locally resonant modes. This control
results in experimentally verified lower and wider band gaps, while
simultaneously decreasing the overall mass of the metastructure.

Band-Gap Mechanisms

To gain insight into the fundamental origin of the band gaps in
the metastructures, we analyze the dispersion relation of the low-
stiffness metastructure using a x(w) approach, to extract the
complex dispersion relation (22). Band gaps induced by Bragg
scattering, which is the mechanism responsible for band-gap
formation in periodic media, contain evanescent modes within
the band gap that connect nearby propagating modes with the
same polarization/symmetry (22-24). For our beam meta-
structure, these different symmetries correspond to the families
of flexural, torsional, and longitudinal modes. Band gaps that are
induced by local resonances, on the other hand, exhibit sharp
spikes in the complex wavenumber domain and can be identified
by their asymmetric Fano profiles (25). The imaginary compo-
nents of the wavenumber within the low-frequency band gap of
the low-stiffness metastructure are indicative of Bragg scattering
mechanisms (Fig. S3).

Further insight into the band-gap mechanism can be gained by
a close inspection of the different wave modes in the dispersion
relation. Bragg scattering causes band gaps to form at wave-
lengths around the lattice periodic constant of the structure, i.e.,
at a band-gap frequency of fpg =c/2a, where c is the phase ve-
locity in the medium. This predicted Bragg scattering frequency
depends on the mode type considered for the effective properties.
We determine effective phase velocities directly from the band
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structures using the relation ¢ =w/x as k approaches 0, for the
lowest flexural, torsional, and longitudinal mode. This approxi-
mation, and the resulting flexural, torsional, and longitudinal band
gaps, are shown in Figs. S4 and S5 for the high- and low-stiffness
metastructures. It is shown that the Bragg scattering frequencies
for each wave mode fall within the band gap calculated with
FE simulations.

However, the resulting full band gaps observed in the meta-
structures are a superposition of the flexural, torsional, and
longitudinal band gaps (Figs. S4-S6). By controlling the different
wave modes independently, we can tune the full band gap to wider
and lower frequency ranges, which we demonstrate by small ma-
nipulations of the lattice geometry to specifically control the band-
gap edge modes.

Both FE simulations and experimental results of these proposed
metastructures clearly show the ability to engineer low-frequency
and wide band gaps by using the lattice geometry to selectively
control the locally resonant modes. In addition, flexibility in the
geometric design enables a variety of band-gap frequencies, dis-
tributions, and widths by varying the beam’s thickness, the reso-
nator and lattice dimensions, and filling fractions. With advanced
3D printing techniques, these metastructures could be fabricated
on many different length scales to address a wide range of vibra-
tion isolation and wave-guiding applications, ranging from struc-
tural vibrations to MEMS devices.

Materials and Methods

FE Simulations. FE simulations (COMSOL) in 3D are used to analyze the infinite
and finite metastructures. For the infinite metastructure simulations, a single
unit cell was modeled and periodic Bloch boundary conditions were imposed.
An eigenfrequency analysis was performed by sweeping the wave vector over
the reduced Brillouin zone. We used tetrahedral elements, and mesh con-
vergence was confirmed.

For the finite metastructure simulations, the elastic wave transmission was
calculated by imposing a fixed boundary on one end of the six-unit cell chain,
and measuring the reaction force on the opposite end. The transmission was
defined as the ratio of output to input force amplitudes, and was calculated
over a range of frequencies from 100 to 10,000 Hz (Fig. 4). The results shown
are based on a harmonic x-direction displacement input. Band-gap edge
frequencies calculated for the infinite system are indicated as dashed vertical
lines in the same plots.

Parameters of 3D-Printed Materials. The material properties and key geo-
metrical parameters used in the simulations are given in Tables S1 and S2.
The Young’s modulus used for the 3D-printed polycarbonate was measured
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through tensile testing on 3D-printed standard tensile testing samples with
different printing orientations, to account for anisotropy in the 3D-printed
polycarbonate. Because 3D-printed material is known to be highly dependent
on specific printing parameters, the measured Young’s modulus was further
tuned such that the low-frequency mode in the finite FE simulations aligned
with the low-frequency mode in the dynamic experiments presented in Fig. 4.
The shear modulus was calculated based on a Poisson’s ratio of 0.4 (27).

It is well known that 3D-printed materials can have anisotropic mechanical
properties that are dependent on the printing geometry, orientation, and
ambient conditions (26). Our FE model assumes the lattice materials to be
homogeneous and slightly anisotropic. As such, parameter-dependent de-
viations between experiments and simulations are also to be expected.

Experiments. To experimentally measure the elastic wave transmission
through the metastructures, we fix the 3D-printed samples between a
piezo actuator and a force sensor, which respectively excite and measure
x-direction motion of the structure. A lock-in amplifier drives the piezo actu-
ator and measures the response of the structure. A static load cell continuously
monitors the precompression of the structure during experiments (due to the
sample’s supports) to ensure consistent boundary conditions when mounting
different samples. The experiments presented in Fig. 4 A and B measured
output force. The setup is shown in Fig. S2, consisting of a fixed static load cell
mounted against a dynamic force sensor on a frictionless support, and a piezo
actuator mounted on movable support to control precompression of the
sample. To confirm a flat response of the system over the frequency range of
interest (1-10 kHz), the response of the system without a sample was mea-
sured by pressing the force sensor against the piezo actuator, with the same
precompression as in the transmission experiments. The noise floor in the
experimental setup can be seen in the band gaps of both structures (Fig. 4).

For the experiments shown in Movie S1, accelerometers were glued to the
exterior of the high- and low-stiffness metastructures, at heights corre-
sponding to the second, fourth, and sixth resonator. The accelerometers
measured the acceleration in the vertical direction, which is the direction of
periodicity. The metastructures were mounted on a piezo actuator, which
was swept in frequency from 1 to 6.5 kHz over about 25 s. The waveforms
shown are the responses of the top (purple), middle (blue), and bottom
(yellow) accelerometers. The transmission spectrum at the bottom of the
screen shows the finite simulation results for both high- and low-stiffness
metastructures, and the solid vertical line shows the swept frequency cor-
responding to the experimental sweep. The waveforms are recorded directly
from a Tektronix DPO 3034 oscilloscope and are recorded at the same scale
such that the amplitudes of the high- and low-stiffness metastructre re-
sponses are directly comparable.
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