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This Letter reports a group of triply periodic co-continuous acoustic metamaterials exhibiting
simultaneous wave filtering capability and enhanced mechanical properties. We numerically dem-
onstrate the existence of complete band gaps in these acoustic metamaterials, which is attributed to
the coupling effects of local resonances and Bragg scattering. Intrinsically, the coupling effects are
governed by the topological arrangements of the co-continuous structures and mechanical proper-
ties of constituent phases. We further show that the frequency tunability of the complete band gaps
can be achieved by tailoring the geometrical arrangements and volume fraction distribution of the
co-continuous acoustic metamaterials. This work provides a clue to the design of mechanically
robust acoustic metamaterials to absorb acoustic and elastic waves under harsh environments.
© 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4902129]

In recent years, the metamaterial concept has been
extended to exploit unusual mechanical properties, such as
negative Poisson’s ratio,"? ultra-lightweight and stiffness,”®
high energy absorption,” negative bulk modulus, and nega-
tive mass density.m_14 One particular class of mechanical
metamaterials, locally resonant acoustic metamaterials, has
attracted much interest because they exhibit lower frequency
band gaps as compared to the Bragg band gaps in conven-
tional phononic crystals.">™'” The band gaps in these acous-
tic metamaterials stem from local resonances associated
with substructures, leading to narrow acoustic band gaps.
These acoustic metamaterials offer promising applications
such as wave ﬁltering,ls_17 acoustic cloaking,'® and energy
harvesting.w’20 However, the substructures with local reso-
nant units may lead to poor mechanical performance.?'*

Mechanical properties such as high stiffness and high
strength are essential in most structural components, yet they
are often conflicting with the demand for high dissipation of
wave energy induced by vibrations and shocks. Little attention,
however, has been paid to the trade-off between the mechanical
properties and wave filtering capability of acoustic metamateri-
als. This, in turn, may limit the potential employment of the
metamaterials under harsh environments and extreme loading
conditions. Here, we propose to introduce co-continuous acous-
tic metamaterials, where mechanical properties and wave
energy dissipation are provided by different constituent phases.
In a two-phase co-continuous composite, each constituent phase
completely interpenetrates through the composite microstruc-
ture in all three dimensions and contributes its own properties
in a quite independent manner to the overall properties of the
composite, while these two phases are topologically intercon-
nected and mutually reinforced in the three dimensions.”*
This synergistic mechanism has been numerically and experi-
mentally demonstrated in a group of periodic polymer co-
continuous composites, which enable enhanced mechanical
performance achieving a unique combination of stiffness,
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strength, and energy absorption compared with other conven-
tional composites.”

The model system of co-continuous metamaterials inves-
tigated here is based on level set structures possessing interfa-
ces close to those of triply periodic minimal surfaces, and an
octet-truss lattice structure (see Fig. 1). These level set struc-
tures have been shown to exhibit enhanced elastic properties
compared with their rod-connected model counterpa.lrts.24
While the octet-truss lattice structure is a typical stretching-
dominated structure with a very high strength-to-weight ratio.
It has been shown that the octet-truss lattice material can be
considered as a promising alternative to metallic foams in
lightweight structures.”> These rationally designed periodic
structures with proper combinations of constituent materials
could help guide the creation of mechanically robust acoustic
metamaterials.

In this letter, we combine the enhanced mechanical
properties of the co-continuous metamaterials with inte-
grated wave filtering capability resulting from the coupling
effects of local resonances and Bragg scattering. We demon-
strate the existence of complete band gaps in four types of
metamaterials through numerical simulations. The mecha-
nisms of the band gaps formation in the co-continuous meta-
materials are discussed. Furthermore, frequency tunability of
the band gaps is achieved by tailoring the topological
arrangements of the co-continuous metamaterials.

Fig. 1 displays the triply periodic co-continuous meta-
materials with simple cubic (SC), body-centered cubic
(BCC), face-centered cubic (FCC), and octet-truss lattices,
where the volume fraction (Vy) of each phase is approxi-
mately 50%. The lattice constants along three directions are
all set to 2mm. The constituent phases A and B in each
metamaterial are chosen to be a ceramic (Boron Carbide,
B,4C, a hard ceramic material) and a glassy polymer (SU-8, a
commonly used epoxy). The material properties are charac-
terized by Young’s modulus E, =460 GPa, Poisson’s ratio
vy =0.17, and density p, = 2500 kg/m* for B,C; the ones for
SU-8 are Ep = 3.3 GPa, Poisson’s ratio vz = 0.33 and density
ps=1180kg/m>. The mechanical stiffness and strength of
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these ceramic/polymer co-continuous metamaterials are well
retained due to the mutual constraints in the interpenetrating
phases.”” Simply put, the band structures of the metamateri-
als are calculated by the finite element method (FEM) from
the three dimensional (3D) elastic Lamé system. In addition,
the periodic Bloch-wave boundary conditions are applied at
the surfaces of the unit cell along three directions.?® The
transmission spectra are obtained by performing frequency
domain analyses on the metamaterials consisting of finite
unit cells.”’

The simulated band structures of the ceramic/polymer
co-continuous metamaterials with SC (V,=59%), BCC
(V= 59%), FCC (V= 62%), and octet-truss lattices (Vy=49%)
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FIG. 1. (a) Triply periodic co-continuous
acoustic metamaterials consisting of
2 x 2 x 2 unit cells with simple cubic
lattice, body-centered cubic lattice,
face-centered cubic lattice, and octet-
truss lattice. (b) The corresponding
phase A in these metamaterials. (c)
The corresponding phase B in these
metamaterials. Phases A and B are sep-
arated by intermaterial dividing level
set surfaces.”* Reproduced by permis-
sion from Wang et al., Adv. Mater. 23,
1524 (2011). Copyright 2011 Wiley-
VCH Verlag GmbH & Co. KGaA.

are shown in Fig. 2. At the given volume fraction, complete
band gaps arise in the band structures of the co-continuous
metamaterials. To be specific, the widths of complete band
gaps in the four types of metamaterials are 0.008 MHz,
0.054 MHz, 0.069 MHz, and 0.075 MHz, respectively. At the
approximate volume fraction of 60%, the metamaterials with
BCC and FCC lattices possess larger complete band gaps as
compared to the metamaterial with SC lattice. Notably, the
largest width of complete band gap is achieved in the meta-
material with octet-truss lattice at a lower volume fraction,
indicating that the metamaterials with octet-truss lattice hold
potential in the future design of lightweight acoustic meta-
materials. It also should be noted that the frequency ranges
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FIG. 2. Band structures and the corre-
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with (a) SC (V;=59%), (b) BCC
(Vy=59%), (c) FCC (V;=62%), and
(d) octet-truss (Vy=49%) lattices.
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of the complete band gaps reported here are much higher than
those of other locally resonant metamaterials.'™'” This is
because the relatively soft phase in the co-continuous meta-
materials is much stiffer than a silicon rubber that is widely
used as the soft phase in locally resonant metamaterials.

The most remarkable feature in the band structures dis-
cussed above is the existence of flat bands across the edges
of Brillouin zones, which is a strong evidence of local
resonances arising in these four types of co-continuous meta-
materials.'>'” To examine the origin of these flat bands, we
plot the eigenmodes on both the lower and upper edges of
the band gaps, as shown in Fig. 2. Clearly, the displacements
are almost localized in the relatively soft phase, indicating
that the complete band gaps in the four types of co-
continuous metamaterials are caused by local resonances.
However, previous studies have shown that complete band
gaps resulting from local resonances and Bragg scattering
can coexist in periodic composites.”®?° To further reveal the
mechanisms of complete band gaps formation, we compare
the wavelength at the midgap frequency with the lattice con-
stant of the metamaterial with FCC lattice, as an example.
The wavelength at midgap frequency is given by A = ¢,/@,
where / is the wavelength, ¢, is the transverse velocity in the
metamaterial, and @ is the midgap frequency. The transverse
velocity in the metamaterial is given by ¢, = +/u*/p*, where
u* and p* are the effective shear modulus and effective den-
sity of the metamaterial, respectively. As a rough estimation,
using the effective shear modulus (81.6 GPa) of the metama-
terial calculated from FEM, we have obtained the estimated
wavelength 4 = 5.0 mm, half of which is the same magni-
tude as the lattice constant 2.0 mm. This comparison indi-
cates that Bragg scattering also contributes to the complete
band gap formation. In other words, the frequency ranges of
Bragg band gaps have the same order of magnitude as those
of locally resonant band gaps. Therefore, the simulated com-
plete band gaps originate from the overlap between locally
resonant band gap and Bragg band gap.

It should be pointed out that the overlapping complete
band gaps reported here are different from those achieved by
manipulating the periodicity of substructures in the compos-
ite media.®® The coupling effects of local resonances and
Bragg scattering in this work are intrinsically governed by
the topological arrangements of the co-continuous structures
and the mechanical properties of the constituent phases, and
hence independent of lattice constants. However, the scal-
ability of the periodic structure is still applied and can be
used to achieve lower band gap frequencies as desired.
Relatively soft materials (but keeping high mechanical im-
pedance ratio between two phases) can be chosen to further
lower the band gap frequency.

Additional insight into the origin of the band gaps can
be gained by observing the response of the metamaterials
under incident waves with different frequencies. To this end,
we investigate elastic wave propagation along I'X/T'H direc-
tion in the co-continuous metamaterials with finite unit cells.
As shown in Figs. 3(a)-3(d), strong attenuation zone in the
transmission spectrum of each co-continuous metamaterial is
observed, which agrees well with the partial band gap in the
corresponding band structures in Fig. 2. For simplicity, tak-
ing the co-continuous metamaterial with FCC lattice as an
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FIG. 3. Transmission spectra of the ceramic/polymer co-continuous meta-
materials with (a) SC (V;=59%), (b) BCC (Vy=59%), (c) FCC (V= 62%),
and (d) octet-truss lattices (V= 49%) along I'X/I'H direction.

example, we present the response of this metamaterial under
the excitation frequencies below, within and above the band
gap along I'X direction, respectively (Figs. 4(a)—4(c)). As
expected, when the frequency of the incident wave lies below
and above the band gaps, i.e., 0.85MHz and 1.36 MHz, the
incident elastic wave partially passes through and is partially
reflected by the co-continuous metamaterial. In contrast, the
incident elastic wave with frequency within the band gap
(1.28 MHz) is localized at x=7mm and its amplitude is
amplified to 12.9, indicating that local resonances arise in the
soft phase. The incident wave, however, attenuates rapidly af-
ter propagating for a distance of 4 mm. This phenomenon is
attributed to Bragg scattering arising in the co-continuous
metamaterial. The responses of the metamaterial experiencing
different incident waves further support our claim that the
complete band gaps result from the coupling effects of local
resonances and Bragg scattering. Similar behaviors hold for
other types of co-continuous metamaterials.

Acoustic metamaterials operating over narrow band-
widths are not desirable in engineering practice. To overcome
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FIG. 4. Total displacement fields (um) for excitation frequencies (a) below, 0.85 MHz; (b) within, 1.28 MHz; and (c) above, 1.36 MHz, the band gap associated
with the points A, B, and C in Fig. 3(c), respectively. The incident wave with an amplitude of 1 um is placed at x =2 mm along I'X direction and the displace-
ments are collected at the interface x =22 mm. Periodic boundary conditions are applied at the surfaces along y and z directions. The domains within x = [0, 2]

and [22, 24] mm are defined as Perfectly Matched Layers.?’

this limitation, several approaches have been proposed to
broaden the width of complete band gaps, including optimiza-
tion of phononic structure:s,3 ! introduction of more levels of
structural hierarchy,” and use of mechanical deformation.*?
Here, we examine the effect of volume fraction of phase A on
the frequency tunability in the co-continuous metamaterials.
Fig. 5 plots the evolution of the complete band gaps, where
for the metamaterial with SC lattice, the complete band gap
opens at V;~57% and closes at V,;~60%, suggesting that
only a small complete band gap can be achieved in a limited
frequency range. While the frequency ranges of the complete
band gaps in metamaterials with BCC, FCC, and octet-truss
lattices are gradually increased as the volume fraction
increases. Notably, the maximum widths of the complete band
gaps in the metamaterials with BCC, FCC, and octet-truss lat-
tices are 0.054 MHz, 0.079 MHz, and 0.075 MHz, respec-
tively. These results indicate that we can achieve desired
complete band gaps by tailoring topological arrangements and
volume fraction of the co-continuous metamaterials.

In summary, we have presented a group of triply peri-
odic co-continuous acoustic metamaterials with a unique
combination of wave attenuation capability and enhanced
mechanical properties. Unlike other pure locally resonant or
Bragg band gaps, the complete band gaps reported here
result from the coupling effects of local resonances and
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FIG. 5. Effect of volume fraction of phase A on the evolution of complete
band gaps in the co-continuous acoustic metamaterials with (a) SC, (b)
BCC, (¢) FCC, and (d) octet-truss lattices.

Bragg scattering, which are intrinsically governed by the top-
ological arrangements of the co-continuous structures and
mechanical properties of constituent phases. From an engi-
neering perspective, the localized kinetic energy resulting
from local resonances could be converted into electrical
energy by introducing piezoelectric materials, which could
be coated on the surfaces of one phase or alternatively cho-
sen as the soft phase. Meanwhile, the enhanced mechanical
properties resulting from the synergistic mechanism of the
co-continuous structures and constituent phases provide
opportunities to design mechanically robust acoustic meta-
materials for wave absorption under harsh environments,
such as for deep water applications where high hydrostatic
pressure, high dynamic load, and wave coexist. The multi-
functionality in the proposed co-continuous metamaterials
will be of particular interest for aerospace, automotive, and
defense industries where mechanical robustness, wave filter-
ing, and self-powering capabilities are simultaneously
pursued.
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