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In the past decades, many mechanical metamaterials with uncommon static properties have been
reported. On the other hand, mechanical metamaterials possessing extraordinary dynamic perfor-
mance, also referred to as acoustic/elastic metamaterials, have gained more and more attractions.
Examples include acoustic cloaking metamaterials that can generate an invisible region for acoustic
waves, zero-stiffness metamaterials that can isolate vibrating mechanical energy, origami-based
metamaterials that can realize the directional transmission of elastic waves and so on. To better
understand themechanisms adopted in dynamicmechanical metamaterials and present a general view
about the existing works, we have reviewed some representative works and categorized them based on
the ways of how these mechanical metamaterials manipulate the interactions between matters and
mechanical energy. To distinguish the different categories of the dynamic mechanical metamaterials,
we use a pair of binary numbers to measure the changing states of the magnitude and direction of the
energy flow, respectively. A summary of some research works with associated reference numbers is
presented in this paper with emphasis on the operating frequency, working bandwidth, and
characteristic size of the element.
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Introduction tural design to obtain objective applications occupies the central
Mechanical metamaterials [1–4], i.e., artificial materials elabo-
rately designed to achieve unusual apparent mechanical perfor-
mance, have been extensively investigated in recent decades.
The objective performance includes unusual static behaviors
(e.g., negative thermal expansion [5], negative Poisson’s ratio
[6] and so on [1]) and extraordinary dynamic behaviors (such as
acoustic wave transmission with expected bandgaps or propaga-
tion paths [7–11], a unique combination of stiffness, strength
and energy absorption performance [12], full-band mechanical
vibration isolation [13], and other behaviors [14–16]). Microstruc-
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position in the field of mechanical metamaterials. Design
approaches and practical (or potential) applications, however,
are versatile and are not appropriate to adopt as classification cri-
teria. Ultimately, the microstructure design of dynamic mechan-
ical metamaterials is to intervene the interaction between matter
and energy, i.e., modifying the matter distribution to manipulate
energy propagation. As a vector field, the apparent energy flow
possesses two fundamental elements, i.e., the magnitude and
flow direction. It is reasonable to classify dynamic mechanical
metamaterials according to whether the magnitude and/or the
flow direction of the apparent energy flow are changed.

Here, we use a pair of binary numbers (a b) to distinguish the
different categories of the dynamic mechanical metamaterials. a
1
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and bmeasure the apparent changing states of the magnitude and
direction of the energy flow, respectively, with value 0 meaning
not change while value 1 meaning change. For instance, (0 1)
means that after passing through the metamaterial, the magni-
tude of the energy flow does not change, while the direction
changes (the deflection angle a takes the value from the semi-
closed interval (0, p]). In the same way, (0 0) means that both
the magnitude and direction of the energy flow remains
unchanged; (1 0) means that only the magnitude changes, while
the direction remains the same as before; and (1 1) means that
both the magnitude and direction change after propagating
through the metamaterial. A schematic of the energy flow prop-
agating through four categories of the dynamic mechanical
metamaterials is shown in Fig. 1, in which the thickness of
streamlines represents the magnitude of energy flow.
FIGURE 2

A brief summary of some existing research work according to the manipulation
shows the feature size of the element and frequency, respectively. The vertical
horizontal size shows the element size range. Different filling color of the circle i
clearer presentation, we adopt the logarithmic coordinate for the vertical axis.

FIGURE 1

Four categories of dynamic mechanical metamaterials according to the mani
streamlines represent the magnitude of energy flow.

2

Please cite this article in press as: L. Wu et al., Materials Today, (2020), https://doi.org/10.1
Most existing researches on dynamic metamaterials belong to
these four categories. For instance, as the acoustic wave transmits
through an acoustic cloak, neither the magnitude nor the direc-
tion of the energy flow changes [17–49], and an acoustically invis-
ible area could be created inside the metamaterial. On the other
hand, for most vibration-isolation metamaterials, the magnitude
of the energy flow will be suppressed after transmitting through
them, while the direction remains unchanged [50–53]. Addition-
ally, many acoustic lenses, such as the Luneburg lens [8,54–57]
and Eaton lens [58,59], could deflect the direction of the energy
flow without affecting the magnitude at least in theory. Ideal
acoustic waveguides [60–64] could also reroute or program the
propagation path of the energy flowwhile keeping themagnitude
constant. Finally, acoustic black holes [65–67] bend the direction
ofwaves anddissipate or absorbpart of the energy simultaneously.
of magnitude or direction of energy flow. The horizontal and vertical axis
geometry of the circles represents the working frequency band while their
llustrates different mechanism adopting in the reported works. To achieve a

pulation of magnitude and direction of energy flow. The thickness of the
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To better illustrate the correspondence between these cate-
gories of the dynamic mechanical metamaterials and the applica-
tion aspects, a summary of some existing works with associated
reference numbers is roughly presented in Fig. 2, with emphasis
on the operating frequency, working bandwidth, and character-
istic size of a unit cell. The horizontal axis indicates the feature
size of the elements, and the vertical axis shows the effective fre-
quency range. Each work is represented by an ellipse with the
horizontal semi-axis being the range of feature size and the ver-
tical semi-axis being the effective working bandwidth.

In Section 1, we provide some representative applications for
these four categories. Then, by analyzing the physical mecha-
nisms utilized in these applications, we refine the fundamental
mechanisms behind various functions, and those in charge of
adjusting the magnitude of the energy flow are presented in Sec-
tion 2, while those responsible for the change of the flow direc-
tion are discussed in Section 3. In both sections, the physical
mechanisms, typical structures, and regulatory mechanisms of
existing works are explained in detail. Finally, we summarize
the existing problems and provide the possible solutions and
the future opportunities for the development of dynamic
mechanical metamaterials. We believe this review can provide
some guidance for designing novel dynamic metamaterials.
Representative applications of these four categories
Class (0 0): acoustic cloaking
Class (0 0) of dynamic mechanical metamaterials neither
changes the magnitude nor changes the flow direction of the
outlet energy flow compared with the inlet one, which corre-
FIGURE 3

Realization of acoustic cloak. (a) Top: Structure of acoustic layered system (lef
procedure of the multilayered cloak. (Reprinted with permission from Ref. [46]. 2
(top) and object covered by a cloak (bottom) placed on a reflecting horizontal sur
[68]. 2011, American Physical Society.) (c) Left: Physical structure of the design
object, placed on the ground. (Reprinted with permission from Ref. [69]. 2014,
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sponds exactly to ideal acoustic cloaks providing an invisible area
for acoustic waves [23,24,27,34,42,46,47,49,68,69]. Although
the wave is guided around the cloaking area by the anisotropic
distribution of effective elastic parameters, the final direction of
energy flow doesn’t change after propagating through the meta-
material. By manually creating the gradient distribution of elastic
parameters, acoustic waves will not change the magnitude or the
propagating direction after propagating through the cloaking
area. Typical acoustic cloaks fabricated for practical applications
are presented in Fig. 3, where the acoustic cloaks can effectively
bend sound waves around hidden objects with reduced scatter-
ing and shadows. Fig. 3(a) shows an acoustic cloak [46] with a
concentric alternating layered structure designed with homoge-
neous isotropic materials. Fig. 3(b) presents a 2D acoustic cloak
[68] while Fig. 3(c) shows a 3D broadband acoustic cloak that
renders a region of pyramidal space, which is three wavelengths
in diameter, invisible to sound [69].

Class (1 0): mechanical energy barriers and isolators
The second application type is the use of mechanical metamate-
rials to control only the magnitude of the energy flow. To
achieve this purpose, mechanical energy has to bedissipated
[70–73], confined [74], or harvested and transferred to other
forms [75,76] by the metamaterials. Typical structures are illus-
trated in Fig. 4. Fig. 4(a) [74] shows a broadband fractal acoustic
metamaterial that can attenuate sounds at selective frequencies
ranging from 225 Hz to 1175 Hz. Fig. 4(b) [76] shows an acousti-
cally reflecting surface with hybrid resonances, and acoustic
waves are absorbed or converted into other forms of the energy.
Fig. 4(c) [73] shows a metamaterial with visco-thermal effects
t) and schematic of an ideal 2D acoustic cloak (right). Bottom: The design
008, AIP Publishing.) (b) Left: Simulated acoustic field of a triangular object
face. Right: Picture of the cloak sample. (Reprinted with permission from Ref.
ed cloak and unit-cell dimensions. Right: Photograph of the actual cloaked
Springer Nature.).
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FIGURE 4

(a) Left: The prototype of a fabricated fractal acoustic metamaterial absorber. Middle: Schematic of the absorber at the incident angle of 15�, 30�,45�,60�, and
75�. Right: The simulated absorption coefficients for different incident angles. (Reprinted with permission from Ref. [74]. 2016, AIP Publishing.) (b) Left:
Schematic illustration of a membrane acoustic metamaterial unit cell’s components and geometry. Right: High (>0.99) absorption attained at tunable multiple
frequencies. (Reprinted with permission from Ref. [76]. 2014, Springer Nature.) (c) Left: Fabricated metamaterial sample with visco-thermal effects. Middle: 2D
perforated slab equivalent to the one studied experimentally. Right: the absorption coefficients for one of the metamaterials, where the shaded region
represents the frequency range in which vibrational modes may exist. (Reprinted with permission from Ref. [73]. 2016, IOP Publishing.)
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consisting of rigid slabs with slits embedded in air. At a specific
geometrical parameter of the slit width, the energy will be highly
dissipated.

Class (0 1): wave beam steering and wave guiding
In some applications, such as ultrasonic imaging systems, energy
loss is not desired during the directional wave beam steering or
wave guiding process. Only the direction change of the energy
flow is required. Therefore, there should be no damping element
in the system. Typical devices are shown in Fig. 5, where Fig. 5(a)
shows an acoustic bending waveguide achieved by altering the
index distribution [63]. The refractive indices of the medium
can be discretized, and the discrete refractive indices are achieved
by using a 2D gradient index (GRIN) sonic crystal. Fig. 5(b) shows
an acoustic retroreflector [55] to reroute the incident waves back
toward the source with minimal scattering.

Class (1 1): acoustic black hole
Acoustic black holes are introduced to control both the direction
and magnitude of the energy flow simultaneously. Several exam-
4
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ples of acoustic black holes are given in Fig. 6. Fig. 6(a) shows an
acoustic black hole absorber made of acoustic metamaterials,
which guides an incident acoustic wave into a central cavity spi-
rally [67]. When beam is incident at an off-center position, the
wavefront within the acoustic black hole is distorted and part
of the energy flow winds spirally towards the center, which will
be absorbed by the dissipative core. Fig. 6(b) shows a 2D omnidi-
rectional acoustic absorber that can achieve the 98.6% absorp-
tion of acoustic waves in water, forming an effective acoustic
black hole [77]. Similarly, this artificial black hole consists of
an absorptive core coated with layers of periodically distributed
polymer cylinders embedded in water.
Physical mechanisms to intervene in the magnitude of
energy
Waves propagate in dynamic mechanical metamaterials only
within specific frequency bands, referred to as pass bands, and
they might be blocked within other frequency bands, which
are called stopbands or bandgaps. The mechanisms of mechani-
016/j.mattod.2020.10.006
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FIGURE 5

(a) Left: Schematic of the bending waveguide structure, where the bold solid line with arrow denotes the direction of wave propagation and the gray regions
represent the square array of steel cylinders with spatially varying radii. Middle: Acoustic pressure field distribution for Finite-element-method simulations of
the acoustic bending waveguide with the continuous refractive index variation. Right: Acoustic pressure field distribution of the graded sonic crystal
approximation. (Reprinted with permission from Ref. [63]. 2011, AIP Publishing.) (b) Left: The schematic of an acoustic retroreflector composed of a Luneburg
lens (gradient color) and a reflector (gray color). Middle: The simulated total acoustic pressure field of an ideal acoustic retroreflector for the incident beam
with at a working frequency of 3.0 kHz. Right: The corresponding simulated acoustic pressure field patterns of the incident beam (the red arrow) toward the
retroreflector and the reflected beam from the retroreflector (the blue arrow). (Reprinted with permission from Ref. [55]. 2018, American Physical Society.)

FIGURE 6

(a) Intensity fields when a Gaussian beam is incident on different regions of an acoustic black hole. Left: Beam is incident at a general position. Middle: Beam
is tangential with the boundary. Right: Beam points to the center. The horizontal and vertical axes denote the distance in centimeter. (Reprinted with
permission from Ref. [67]. 2011, AIP Publishing.) (b) Left: A Gaussian beam incident on an acoustic black hole that is on- and off-center. Right: A sketch of an
artificial structure for an acoustic black hole. Right bottom: a close-up of the structure. The red structures are polymer cylindrical rods. Right above: the unit
cell of the structure. (Reprinted with permission from Ref. [77]. 2013, AIP Publishing.)
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FIGURE 7

Schematic illustration of the (a) Bragg scattering and (b) local resonant mechanisms. The balls in both plots represents energy carried by waves with specific
frequency. The structure in (a) describes a typical phononic crystal constructed by periodic solid inclusions embedded in air. Balls with a crown in (b)
represent energy carried by wave f2 in the bandgap range, while balls without a crown represent energy carried by wave f1 in the passband region. The
football goal in (b) represents metamaterials composed of resonant elements, that could trap energy carried by waves in the bandgap region.

FIGURE 8

(a) Kinematic sculpture by Eusebio Sempere in Madrid consisting of a periodic distribution of hollow stainless-steel cylinders with a diameter of 2.9 cm, simple
cubic symmetry and a unit cell of 10 cm. (Reprinted with permission from Ref. [100]. 1995, Springer Nature.) (b) Top: Phononic crystal made of a square lattice
of finite cylinders deposited on a homogeneous plate. The dashed cube represents a unit cell of the periodic structure with dimensions (a, a, b). Bottom: Band
structure in the frequency range [0, 2.5] GHz for steel cylinders on a silicon plate. (Reprinted with permission from Ref. [102]. 2009, John Wiley and Sons.) (c)
Left and middle: Unit cell topology for a 3D phononic crystal. Right: Prototype of the finite crystal, composed by 4 � 4 � 3 unit cells and made of Nylon
PA2200 by additive manufacturing. (Reprinted with permission from Ref. [101]. 2016, AIP Publishing.)
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FIGURE 9

(a) Top: Exemplary cubic unit cell geometries. From left to right: Unit cell with three cylindrical holes, quadratic scaffold, corner balls connected by circular
cylindrical beams, and face centered balls connected by quadratic beams. Bottom: Photographs of fabricated simple cubic phononic crystals with 3 mm
lattice constant consisting of three cylindrical holes (left); rectangular scaffold (middle); and corner balls connected by cylindrical beams (right). (Reprinted
from Ref. [103]) (b) Tunable 3D phononic crystal composed of a periodic array of structured shells arranged to form a body-centered cubic lattice. When
compressed, this structure undergoes an instability, which results in folding of all the building blocks. (Reprinted with permission from Ref. [104]. 2015, AIP
Publishing.)
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cal metamaterials to intervene in the magnitude of mechanical
waves strongly depend on their microstructure and could be
divided into two main different phenomena at the micro-level
[78]:

① Bragg scattering: The propagating wave is prohibited at
specific wavelengths corresponding to the characteristic size of
the microstructure (i.e., unit cells) of the metamaterials. In the
Please cite this article in press as: L. Wu et al., Materials Today, (2020), https://doi.org/10.1
electromagnetic area, periodic structures that possess bandgaps
to prevent light propagation are called photonic crystals and
have been widely investigated for decades. Similarly, mechanical
waves propagating in metamaterials with specific microstruc-
tures also present bandgap characteristics. To explain the under-
lying physics of the interaction between waves and
microstructures, researchers proposed a generalized continuum
7
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FIGURE 10

(a) Left: A unit cell and the irreducible part of the Brillouin zone for hexagonal lattice in Si. Right: Band structure of the hexagonal phononic crystal plate.
(Reprinted with permission from Ref. [106]. 2008, AIP Publishing.) (b) Optical image of a 250 nm thick Si membrane with ordered and disordered phononic
crystal with equal hole diameter and filling fraction of 0.267. (Reprinted with permission from Ref. [107]. 2016, American Chemical Society.) (c) SEM image of a
phononic crystal matrix sample. (Reprinted with permission from Ref. [108]. 2015, Springer Nature.) (d) Optical photograph of a phononic crystal delay line
and the phononic crystal region. (Reprinted with permission from Ref. [109]. 2011, AIP Publishing.)
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model [78–83] named as relaxed micromorphic, which could
explain the microstructure-related frequency band-gaps in the
context of macroscopic continuum mechanics [82].

② Local resonance: arranging resonators (normally periodi-
cally) to suppress waves at the resonant frequencies of the res-
onators. The mechanical energy will be confined inside the
metamaterial, and a macroscale stopband will be created. Local
resonators are originally investigated in the Maxwell–Rayleigh
model [84]. Various continuous models, including extensional
rods, Euler and Timoshenko beams [85] and so on have been dis-
cussed to illustrate the dynamic behaviors of materials contain-
ing local resonators [86].

Here, we present the physical schematic of the two mecha-
nisms in a metaphorical way as shown in Fig. 7, where the energy
flow carried by waves could be analogous to balls to give a better
understanding.

Fig. 7(a) explains the Bragg scattering process. To simplify the
explanation, we assume that the incident wave is in the form of:

I ¼ cosðkx� xtÞ ð1Þ

where x ¼ 2p
T is the angular frequency corresponding to period T and k

represents the wave vector. When the traveling wave is transmitted to
a scatterer, the scatterer will radiate waves with a phase difference Du.
8
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As shown in Fig. 7(a), when two identical scatterers are considered,
the radiated waves are expressed as follows:

R1 ¼ cosðkx� xt þ DuÞ ð2Þ
R2 ¼ cosðkx� xt þ Duþ kaÞ ð3Þ
It is well known that two waves with phase differences will

interfere with each other. Therefore, when ka ¼ p, there will be
a strong destructive effect on the propagation of waves; i.e.,
Bragg scattering occurs. For periodic distributed scatterers that
meet this condition, a bandgap will open where waves with
the corresponding wavelength cannot propagate. The periodic
elastic material possessing bandgap performance is called a pho-
nonic crystal by analogy to a photonic crystal [87]. From the
Bragg scattering mechanism, we can easily understand that the
bandgap is closely related to the periodicity of the structure
and dependent on the lattice constant a, which is completely dif-
ferent from the local resonant mechanism shown in Fig. 7(b). To
better illustrate the mechanism of local resonators, the resonator
element can be assumed to a football goal that could trap the
energy “balls” carried by waves within bandgap range. By con-
trast, if the frequency falls in the passband region, energy carried
by the wave will propagate through the metamaterial. Therefore,
016/j.mattod.2020.10.006
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FIGURE 11

(a) Left: Fabrication process for the WSi phononic crystal. Right: An SEM image showing the phononic crystal and AlN transducers. (Reprinted with permission
from Ref. [110]. 2010, AIP Publishing.) (b) Vibration amplitude scans in the [100] direction for an aluminum alloy plate with a square periodic arrangement of
cylindrical holes filled with mercury. (Reprinted with permission from Ref. [111]. 1998, American Physical Society.) (c) Top view and cross-section of an infinite
two-dimensional phononic crystal plate composed of Au inclusions embedded in epoxy substrate. (Reprinted with permission from Ref. [112]. 2006,
American Physical Society)

FIGURE 12

(a) Schematic illustration of the multilayered hierarchical structured model with 3 levels of hierarchy. The unit cell at each level of hierarchy is composed of a
hard material layer and a soft layer. (Reprinted with permission from Ref. [113]. 2013, AIP Publishing.) (b) Top: The evolution of a regular hexagonal
honeycomb (left) to first-order (middle) and second-order (right) hierarchical honeycombs. Bottom: Corresponding primitive unit cells of the structures.
(Reprinted with permission from Ref. [114]. 2015, American Physical Society.)
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FIGURE 13

(a) Illustrations of different folding configurations of an origami sonic barrier and their corresponding cross-section views. The pink polygons in cross-section
views identify different lattice patterns and show that the lattice transforms from a hexagon (left) to a square (right), when the folding angle is shifted from 0�
to 55�. (Reprinted with permission from Ref. [116]. 2017, AIP Publishing) (b) The control of acoustic-frequency gaps by rotating the elements. Left: The filling
fraction was set at 0.40, and the rotation angle as 35�. Right: The filling fraction is 0.50 and the rotation angle is 45�. (Reprinted with permission from Ref.
[117]. 2001, American Physical Society.)
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this mechanism does not rely on the periodicity, and the corre-
sponding structures are usually called acoustic or elastic metama-
terials. In the following section, we will explain in detail the
typical structures, modulating approaches, and existing limita-
tions of both the Bragg scattering and local resonant
mechanisms.

Bragg scattering phononic crystals
Typical structures
Periodic structure mediums generating Bragg scattering-type
bandgaps can be found both in the solid-state physics area where
electron transmission can be controlled [88] and in the electro-
magnetic domain that presents how photons can be manipu-
lated by photonic crystals [62,89–91]. In all of these structures,
periodicity is strictly required. In acoustic domain, the Bragg scat-
tering bandgap phenomenon was first discovered in 1992 in a
periodic structure [92], which is composed of scatter inclusions
embedded in a homogeneous substrate. Then, the concept of a
phononic crystal was first formalized, and a full bandgap calcula-
tion was performed [93] for a two-phase periodic composite with
cylindrical rods embedded in the matrix. Despite its late starting,
the research on phononic crystals or metamaterials has been
flourished since 2000 [94]. As previously mentioned, to generate
the Bragg scattering bandgap, the lattice constant a should be on
the same order as the wavelength k. Therefore, the larger the geo-
metrical size of the lattice constant is, the lower the bandgap will
be. The width and position of the bandgap are also closely related
10
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to the contrast of elastic parameters, i.e., the mass density and
bulk moduli, between the scatters (q, K) and the substrate med-
ium (q0, K0). As a result, the key point of designing phononic
crystals is to manipulate the periodic distribution of the elastic
parameters of the scatters and host material. In an empirical
manner, scatterers with a low q embedded in a substrate with a
high q0 tend to provide full bandgap performance, and face-
centered cubic (FCC) structures tend to present wider bandgaps
than body-centered cube (BCC) structures [95].

One of the most investigated structures of phononic crystals is
solid-scatterer-fluid-matrix type, where solid scatterers are
embedded in fluid medium, and the shape of the scattered could
be cylinder rods [96], a wood-pile [97,98] and so on [99]. Fig. 8
[100–102] shows some typical structures for solid-scatterer-
fluid-matrix type phononic crystals. Fig. 8(a) presents a scattering
acoustic bandgap found in an artificial sculpture [100] composed
of 2D periodic stainless cylinder rods embedded in air. The sculp-
ture shows a Bragg scattering bandgap at approximately 1670 Hz.
Fig. 8(b) shows a phononic crystal made of a square lattice of
finite cylinders deposited on a homogeneous plate [102]. With
the development of manufacturing methods, complex 3D pho-
nonic crystals could be easily fabricated, as shown in Fig. 8(c)
[101] and Fig. 9 [103,104]. For the 3D soft phononic crystals
shown in Fig. 9(b), the bandgap performance could be controlled
by applying mechanical deformation [104].

In addition to the periodic solid scatterers embedded in air,
their counterparts, i.e., fluid inclusions embedded in solid sub-
016/j.mattod.2020.10.006
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FIGURE 14

(a) Experimental images of four tunable phononic crystals with differently arranged holes loaded under uniaxial compression in the undeformed (top) and
deformed (bottom) configuration. (Reprinted with permission from Ref. [119]. 2015, Elsevier.) (b) Two-dimensional cross sections of a phononic crystal
composed of square array of hollow dielectric elastomer tubes embedded in air. (Reprinted with permission from Ref. [120]. 1991, IOP Publishing.)
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strate [105], could also be adopted to generate bandgaps, as
shown in Fig. 10. This type of phononic crystal is easier to inte-
grate with the microfabrication process and therefore presents a
relatively high frequency bandgap. For example, by creating
microscale periodic cylinder holes on a silicon plate [106] as
shown in Fig. 10(a), a complete bandgap from approximately
120 MHz to 150 MHz can be obtained. Fig. 10(b) shows another
phononic crystal working in the gigahertz and terahertz fre-
quency ranges when disorders were introduced [107]. Fig. 10(c)
shows the first experimental observation [108] of coherent pho-
non boundary scattering in 2D phononic crystals with minimum
characteristic sizes of 4100 nm, while Fig. 10(d) shows a 2D pho-
nonic crystal with a bandgap from 600 MHz to 900 MHz [109].

Apart from the solid-scatterer-fluid-matrix and fluid-scatterer-
solid-matrix structures, solid-scatterer-solid-matrix phononic
crystal is another method to provide wide bandgaps. For exam-
ple, a phononic crystal composed of W rods periodically dis-
tributed in the Si substrate is shown in Fig. 11(a), with a
1.4 GHz center frequency and a wide 800 MHz bandgap [110].
Fig. 11(b) shows a 2D phononic crystal composed of an alu-
minum alloy plate with periodic holes filled with mercury with
a bandgap from 1000 KHz to 1120 KHz [111]. Fig. 11(c) shows
the transmission of a Lamb wave in a thin 2D phononic crystal
Please cite this article in press as: L. Wu et al., Materials Today, (2020), https://doi.org/10.1
plate made of a periodic gold cylinder embedded in an epoxy
substrate [112].

To obtain wider bandgaps, designing periodic hierarchical
self-similar elements is an effective approach, as shown in
Fig. 12 [113,114]. For example, inspired by natural biocomposites
found in shrimp or lobster shells, a hierarchical phononic crystal
showing wider bandgaps is presented in Fig. 12(a), and it is found
that more bandgaps were opened up than in traditional single-
scatterer structures [113]. Other similar structures include
Bragg-type “pipes” phononic crystals with a complex hybrid
structure [115] and so on [114].

Bandgap tuning methods
The shape of scatterers and their spatial distribution are two cru-
cial factors affecting the bandgaps of phononic crystals. There-
fore, by adjusting them, researchers can achieve desired
bandgaps. The first tuning method is changing the space distri-
bution of fixed shape scatters. For example, by varying the lattice
constant, the bandgap could be modulated, as shown in Fig. 13
(a), which shows periodic cylinder rods embedded in air tuned
by origami to suppress traffic noise with an adjustable frequency
range from 500 Hz to 1200 Hz [116]. Specifically, if the unit cell
of the phononic crystal is not cylindrically symmetric (such as a
11
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FIGURE 15

(a) Cross section of a coated lead sphere (left) that forms the basic structure unit for an 8 � 8 � 8 sonic crystal (right). (Reprinted with permission from Ref.
[123]. 2000, The American Association for the Advancement of Science.) (b) Sketch of two locally resonant acoustic metamaterials composed by aluminum
cells of square (Top) and hexagonal (Bottom) shape, filled by a soft material with a heavy circular inclusion. (Reprinted from Ref. [124]) (c) Acoustic
metamaterials comprising elastomeric matrix with a square array of circular holes and resonating elements (including elastomeric coating (blue) and
resonating mass (green)), whose geometry can be reorganized by instability subjected to equibiaxial compression. (Reprinted with permission from Ref. [125].
2020, Elsevier.) (d) Top: The undeformed configuration comprises resonating units dispersed into an elastomeric matrix, where each resonator consists of a
metallic mass connected to the matrix through elastic beams. Bottom: When a compressive strain is applied in the vertical direction, buckling of the beams
significantly alters the effective stiffness of the structural coating, which in turn changes the band gap frequency. (Reprinted with permission from Ref. [16].
2014, American Physical Society.)
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hexagonal, square or triangular shape), then gradually rotating
the scatterers embedded periodically in air has proven to be an
effective way to achieve adjustable bandgaps [117], as shown in
Fig. 13(b), without refabricating another phononic crystal with
a different size [118].

Although not as efficient as tuning the lattice constant,
deforming the shape of scatters by applying an external force is
an alternative approach for obtaining tunable bandgaps of pho-
nonic crystals. For example, by compression or stretching soft
phononic crystals, researchers can adjust the bandgap of soft
phononic crystals embedded by various porous holes [119], as
shown in Fig. 14(a). Fig. 14(b) shows a 2D phononic crystal com-
posed of hollow dielectric elastomer cylinders [120], which are
sandwiched between two compliant electrodes. By applying a
voltage between the compliant electrodes, the elastic bandgaps
are changed due to the radial strain of the dielectric elastomer.
Other tuning methods for Bragg scattering-type bandgaps
include applying a periodic external potential [121] to phononic
crystals, changing the filling fractions of scatterers [122] and so
on.
Local resonance mechanism
To break the geometrical size limitation of phononic crystals
based on the Bragg scattering mechanism, researchers have
12
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consistently looked for approaches to achieve a lower fre-
quency bandgap with smaller sized unit cells. A local reso-
nance mechanism emerged as desired, which was first
proposed by Liu’s group in 2000 [123], as shown in Fig. 15
[16,123–125]. Elastic energy with specific frequency could be
constrained by resonators [125]. Unlike Bragg scattering-type
bandgaps, which require a lattice constant comparable to the
wavelength k (k � a), this composite material is shown to exhi-
bit bandgaps with a feature size a that is orders of magnitude
smaller than k. From the first local resonant sonic crystals, an
increasing number of acoustic metamaterials have been inves-
tigated based on the local resonant idea [126–131]. These
materials could be applied to absorb impact energy [132],
vibration suppression [133] and simultaneous vibration sup-
pression and energy harvesting functions [51]. The external
vibration energy could be trapped and transferred into the
kinetic energy of the resonators and then further converted
into electric energy through the mechano-electrical conversion
of its integrated piezoelectric elements. Unlike the Bragg
scattering-type phononic crystals, locally resonant metamateri-
als do not require a periodicity of elements, and resonators
could be distributed throughout the matrix material randomly
[123,134]. Although, however, local resonators are usually
arranged in a periodical configuration in the metamaterials.
016/j.mattod.2020.10.006
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FIGURE 16

(a) Top: 3D view of the cantilever-in-mass metamaterial beam and its unit cell with the nominal geometric dimensions. Bottom: Metamaterial beam with
attached cube specimens constructed by 3D printing. (Reprinted with permission from Ref. [137]. 2019, Springer Nature.) (b) Schematic of the combined
mechanical-electromechanical metastructure. (Reprinted with permission from Ref. [138]. 2018, Elsevier.) (c) Schematic of a finite array of 6 T-shape resonant
unit cells. (Reprinted with permission from Ref. [139]. 2019, Elsevier.) (d) Left: 1D metamaterial beam model: host structure H (in gray color), inertia-like
elements I (in yellow color), spring-like elements S (in red color) and interconnections C (in blue color). Right: Fabricated metamaterial beam sample with
interconnected resonators. (Reprinted with permission from Ref. [140]. 2018, Elsevier.)
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Typical resonator structures
Fig. 15(b) presents cellular locally resonant metamaterials consti-
tuted by a cellular metallic lattice filled by a soft light material
with heavy inclusions or resonators [124]. Similar structures
include elastic rubber-coated mass inclusions distributed within
the chiral circular ring nodes of unit cells [135]. Under compres-
sion, the deformation-induced geometry and material nonlinear-
ities of the soft matrix and coating could be utilized to tune the
dynamic responses of acoustic metamaterials, as shown in Fig. 15
(c) [125]. The soft coating of acoustic resonators could also be
replaced by other elastic components, such as a metallic core
connected to the substrate through elastic beams, whose buck-
ling is adopted to control the propagation of elastic waves, as
shown in Fig. 15(d) [16,136].

Spring-mass resonant acoustic beams are shown in Fig. 16
[137–140], where Fig. 16(a) shows a spatially variant locally reso-
Please cite this article in press as: L. Wu et al., Materials Today, (2020), https://doi.org/10.1
nant bandgap that progressively slows down the group velocity
until an almost zero value, leading to an energy trapping effect
near the lower bandgap boundary [137]. Fig. 16(b) presents a
metamaterial cantilever with hybrid mechanical and electrome-
chanical resonators to achieve a wider bandgap [138]. Fig. 16(c)
shows a periodic microstructure at a small length scale and
low-frequency bandgaps by the introduction of a resonant inclu-
sion [139]. Fig. 16(d) describes beam and plate metamaterials
with interconnected local resonators to form a hybrid resonant
mode [140].

It was found that damping can sometimes broaden the band-
gap through the analysis of wave transmission [72]. A mass-in-
mass dissipative resonator is shown in Fig. 17(a), which presents
an elastic metamaterial with multiple dissipative resonators [141]
for broadband wave mitigation. Fig. 17(b) shows dissipative
acoustic metamaterials with various types of damped oscillator
13
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FIGURE 17

(a) Top: Schematic design of a dissipative elastic metamaterial. Bottom: a dissipative mass-in-mass lattice system with two resonators. (Reprinted with
permission from Ref. [141]. 2016, Elsevier.) (b) Left: Locally dissipative microstructure with a Kelvin-Voigt-type oscillator. Right: Locally dissipative
microstructure with a Maxwell-type oscillator. (Reprinted with permission from Ref. [71]. 2014, AIP Publishing.)

FIGURE 18

(a) A metamaterial beam with circular membrane-mass structures. (Reprinted from Ref. [142]) (b) A metamaterial beam with membrane-split-ring resonators.
(Reprinted with permission from Ref. [143]. 2019, SAGE Publications.) (c) A metamaterial plate with periodic local resonances. (Reprinted with permission from
Ref. [144]. 2016, SAGE Publications.) (d) Membrane-type acoustic metamaterial samples with different resonator structures. (Reprinted with permission from
Ref. [145]. 2020, Elsevier.)

RESEARCH Materials Today d Volume xxx, Number xx d xxxx 2020

14

Please cite this article in press as: L. Wu et al., Materials Today, (2020), https://doi.org/10.1016/j.mattod.2020.10.006

https://doi.org/10.1016/j.mattod.2020.10.006


R
ES

EA
R
C
H
:
R
ev

ie
w

FIGURE 19

(a) A 2D anisotropic elastic metamaterial unit cell exhibiting multiple local resonances. (Reprinted from Ref. [146]) (b) Top: regular honeycomb (left) and first
order hierarchical honeycomb (right). Bottom: Regular honeycomb with embedded resonators (left) and first order hierarchical honeycomb with embedded
resonators (right). (Reprinted with permission from Ref. [147]. 2019, Elsevier.)
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microstructures presenting stress wave attenuation performance
[71].

Compared with core–shell, mass-in-mass, and cantilever type
resonators, mass-in-membrane resonators are easier to fabricate,
flexible and lightweight. Typical structures are shown in Fig. 18
[142–145]. Fig. 18(a) shows a metamaterial beam with circular
membrane-mass structures [142]. By introducing energy harvest-
ing devices, membrane-type metamaterials can simultaneously
attenuate waves and harvest energy, as shown in Fig. 18(b)
FIGURE 20

(a) Illustration of a homogeneous chain of the triangulated cylindrical
origami. All of the unit cells are identical. (Reprinted from Ref. [156]) (b)
Design of a kirigami-based elastic metamaterial by attaching the kirigami
cell on a bottom plate with glued mass block. (Reprinted with permission
from Ref. [157]. 2018, Springer Nature.) (c) Left: Schematic diagram of using
fluidic origami for base vibration isolation. Right: An equivalent system.
(Reprinted with permission from Ref. [149]. 2018, American Society of
Mechanical Engineers.)

Please cite this article in press as: L. Wu et al., Materials Today, (2020), https://doi.org/10.1
[143]. Similar structures include a metamaterial composed of
periodic locally resonant membranes arranged in a square array
[144] and a low-frequency membrane-type acoustic metamaterial
[145] with wide sound attenuation frequency.

Like Bragg scattering phononic crystals, the utilization of self-
similar hierarchical resonant structures could broaden the band-
gap of acoustic/elastic metamaterials because of the existence of
FIGURE 21

(a) Sketch of an acoustic energy harvesting system composed of a defected
supercell with a piezoelectric patch and a load circuit. (Reprinted with
permission from Ref. [75]. 2016, AIP Publishing.) (b) A phononic crystal for
vibration energy harvesting with a PVDF film in the middle of the defect.
(Reprinted with permission from Ref. [158]. 2013, AIP Publishing.)
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FIGURE 22

(a) Schematic of a HR structure (left) and its equivalent system (right). (b) A Helmholtz resonator with a spiral neck with three turns. (Reprinted with
permission from Ref. [172]. 2017, Elsevier.) (c) A periodic ensemble of 7 � 7 soda cans acting as Helmholtz resonators. (Reprinted with permission from Ref.
[173]. 2011, American Physical Society.)
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multiple resonance [74]. Typical examples are shown in Fig. 19
[146–148], where Fig. 19(a) shows an anisotropic elastic metama-
terial [146] consisting of a series of properly arranged periodic
elements. The hierarchical element enables the model with
broad bandgaps in the low frequency range. Fig. 19(b) shows a
metamaterial with a honeycomb hierarchical lattice with embed-
ded rubber-coated lead cylinders, which possess the ability to
efficiently filter waves at various frequencies [147].

Origami/kirigami structures [149–155] could also be utilized
as lightweight local resonators to generate bandgaps, as shown
in Fig. 20 [149,156,157], which shows the formation of fre-
quency band structures composed of the triangulated cylindrical
origami [156]. Fig. 20(b) shows a kirigami elastic metamaterial
with anisotropic mass density to manipulate flexural waves
[157], which was constructed by attaching the resonant kirigami
structures periodically on the top of a host plate. Fig. 20(c) shows
a pressurized fluidic origami cellular solid for low-frequency base
excitation isolation, which is derived from the nonlinear geo-
16

Please cite this article in press as: L. Wu et al., Materials Today, (2020), https://doi.org/10.1
metric relations between folding and internal volume change
[149].

By removing one or several elements in the periodic struc-
tures, a resonant cavity will be formed, which could be easily
integrated with energy harvesting functions, as shown in
Fig. 21 [175,158]. Fig. 21(a) is an acoustic energy harvester [75]
based on a defective acoustic metamaterial with piezoelectric
material by creating resonant defects to confine the strain energy
from an acoustic incidence. Similar ideas include a vibration
energy harvesting generator using a point-defect phononic crys-
tal with a piezoelectric material [158], as shown in Fig. 21(b). By
removing a rod from a perfect phononic crystal, the waves with
resonant frequency were localized and enhanced in the resonant
cavity.

The Helmholtz resonator (HR) [159–171] is also a fundamen-
tal acoustic device and is generally used to reduce low-frequency
noise, as shown in Fig. 22(a). However, this resonator is only
effective at its single resonance peak with a narrow frequency
016/j.mattod.2020.10.006
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FIGURE 23

(a) Left: Illustration of a resonator, which is a cylindrical hollow tube containing a heavy bulk cylinder suspended by polymeric springs (black). Right: The two-
dimensional representation of the system. (Reprinted with permission from Ref. [175]. 2015, Elsevier.) (b) Seismic barrier of a series of acoustic resonators.
(Reprinted with permission from Ref. [176]. 2016, Springer Nature.) (c) Illustration of a mechanical metamaterials as a shell to shield the object in the core
from the input energy flow. (Reprinted with permission from Ref. [13]. 2020, Elsevier.)
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bandwidth. Some HRs are shown in Fig. 22(b) and (c) [172,173].
An extended neck or a spiral neck shown in Fig. 22(b) replaces
the traditional straight neck of the HR to improve the noise
attenuation performance [172] at low frequencies with a limited
space. Fig. 22(c) proves that broadband sounds can be controlled
and focused at will on a subwavelength [173] scale by soda can
HRs.
Please cite this article in press as: L. Wu et al., Materials Today, (2020), https://doi.org/10.1
Local resonant tuning methods
The key parameters for a local resonator to react with acoustic/
elastic waves are the effective mass component M and the effec-
tive stiffness K. Therefore, the tuning methods can be divided
into two types. The first is to adjust the effective mass compo-
nent of the resonator, and the second is to control the stiffness
part of the resonator. The effective dynamic properties of the
17
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FIGURE 24

(a) Left: A curved beam structure used to achieve negative stiffness behavior. Right: Force-displacement curve of negative stiffness element. (Reprinted with
permission from Ref. [189]. 2019, Elsevier.) (b) An array of m�n connected units (left) and its sequential snap-through response curve under an applied
displacement with energy dissipation (right). (Reprinted with permission from Ref. [190]. 2019, Elsevier.) (c) Unit cell of a hexagonal frame and connection
elements (grey) between a parallel buckling element (blue). (Reprinted with permission from Ref. [192]. 2017, Elsevier.)
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locally-resonant metamaterials can be calculated numerically
[174].

To lower the bandgap region, increasing the mass could be an
efficient method. For example, large resonators could be utilized
to obtain an extremely low frequency band, as shown in Fig. 22
(a) and (b) [175,176]. Each resonator consists of a mass compo-
nent suspended by soft bearings that prevents the propagation
of seismic waves with frequencies below 10 Hz and is suitable
for the protection of large buildings [175,177]. However, this
method would lead to a bulky and heavy resonator, which is
undesired in practical applications. To solve this problem, iner-
tial amplification is an important method for achieving wide
bandgaps at low frequencies without adding additional resonat-
ing components [178–180]. By employing inertial amplification,
18
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the effective mass of a small component could be amplified by
using displacement amplification mechanisms [181].

Compared with dealing with the mass component, control-
ling the effective stiffness is more feasible. As is known, the lower
the effective stiffness is, the lower the resonant frequency of the
local resonator is, and the lower the bandgap of the acoustic/elas-
tic metamaterials is. Based on this idea, various quasi-zero-
stiffness metamaterial [182–184] have been designed to suppress
mechanical vibrations in the low frequency range. Specifically,
an absolute zero-stiffness resonator could theoretically lead to a
bandgap from 0 Hz to infinity, as shown in Fig. 22(c) [13], which
shows a mechanical metamaterial for perfect energy shielding in
the full frequency band [13]. Some mechanical resonators with
local resonators could exhibit an unusual frequency-dependent
016/j.mattod.2020.10.006
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FIGURE 25

(a) The geometry of the 2D phononic crystal with concentrated masses at the middle of each hexagonal edge (left). The unit cell is marked by the shaded
region and its ninth Bloch mode is shown in the right part of the picture. (Reprinted with permission from Ref. [202]. 2018, American Physical Society.) (b)
Triply periodic co-continuous acoustic metamaterials consisting of 2 � 2 � 2 unit cells with simple cubic lattice (SC), body-centered cubic lattice (BCC), face-
centered cubic lattice (FCC), and octettruss lattice (Octet). (Reprinted with permission from Ref. [204]. 2014, AIP Publishing.)
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effective stiffness that can become unbounded or extremely
small at specific frequencies, resulting in a largely tunable band-
gap [185].

For shock absorption and dissipation, multistable structures
based on negative stiffness caused by sequential snap-through
instabilities [186–188] could be adopted. It is demonstrated that
by precisely designing the architecture of a lattice structure, it is
possible to create lightweight and strong structures that are
highly energy absorbing and able to recover their shape after
deformation. Typical 2D and 3D multistable mechanical meta-
materials for energy absorption are shown in Fig. 24 [189–192],
where the mechanical energy could be stored or dissipated by
the deformed beams. Fig. 24(a) shows a structure dissipating
energy through deformation and exhibits negative stiffness
behavior through inelastic instability [189], while Fig. 24(b)
shows a metamaterial for tailorable shear behavior and energy
dissipation [190].
Coupling local resonance and Bragg scattering
Although acoustic/elastic metamaterials could achieve low-
frequency bandgaps by using subwavelength resonators, their
bandgaps are usually narrow, which brings limitations in the
application where broadband vibrations or sound are expected
to be suppressed. Usually, when periodic local resonators are uti-
lized, it shows the coupling effects of the local resonances and
Bragg scattering [193–197]. Therefore, by combining the band-
gap formation mechanisms of Bragg scattering and local reso-
nances [198–201], wide and low phononic bandgaps can be
established [202,203], as shown in Fig. 25(a). Fig. 25(b) shows a
group of metamaterials exhibiting a broadband wave filtering
capability [204], which is attributed to the coupling effects of
the local resonances and Bragg scattering.
Please cite this article in press as: L. Wu et al., Materials Today, (2020), https://doi.org/10.1
In seismic wave protection areas, both Bragg scattering and
local resonant bandgaps usually exist in mechanical metamateri-
als, which open up new routes in civil building protection [205],
as shown in Fig. 23(a) and (b), as previously mentioned
[175,176], where an array of resonating structures were buried
around sensitive buildings.

Other examples that demonstrate a coupling of the local res-
onance and the Bragg scattering effect [199] are shown in
Fig. 26. The combined characteristics of the periodic and locally
resonant features in metamaterial structures [200] shown in
Fig. 26(b) give rise to relatively low and wide bandgaps. In addi-
tion, the bandgap of the metamaterial could be thermally tuned
through changes in temperature. The element is composed of
materials with different moduli, which have drastically different
temperature dependences, to preferentially tune the modulus of
the lattice material compared to the resonant inclusion. Fig. 26
(c) shows the enlargement of the locally resonant acoustic band-
gap [201] in 2D sonic crystals with double-sided stubbed plates,
which is due to the coupling between the resonant eigenmodes
of the periodic stubs located on each plate side.
Physical mechanisms to intervene in the direction of
the energy flow
Waveguide by defects
Phononic crystals with line defects [206] could be applied to con-
trol the direction of the energy flow. By introducing localized
defects (cavities, wave guides, stubs, etc.) inside periodic struc-
tures, a resonating cavity can be constructed [207]. Acoustic or
elastic wave energy is highly confined [64] in the defect area,
which leads to the manipulation of the sound or elastic wave
propagation direction [11,102,208–209]. Typical structures with
defects to guide acoustic or elastic wave propagation are shown
in Fig. 27 [11,210–212]. Fig. 27(a) presents a waveguide formed
19
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FIGURE 26

(a) Top: Metastructure composed of mesoscale unit cell (right) with a lattice embedded resonator (area in purple). Bottom: Final 3D-printed metastructure
with embedded resonators. (Reprinted from Ref. [199]) (b) Thermally tune the band gaps of metamaterials, which combine a periodic lattice and locally
resonant inclusions by applying a temperature change and allow the meta-structure unit cell to expand or contract. (Reprinted with permission from Ref.
[200]. 2019, Elsevier.) (c) Left: A unit cell of one-side stubbed plate with composite stub. Right: Double-side stubbed plate with composite stub. (Reprinted
with permission from Ref. [201]. 2012, AIP Publishing.)
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by a chain of cavities created by the selective fluid filling of holes
in a solid phononic crystal. The filled holes become cavities that
sustain acoustoelastic defect modes [210]. As a result, an arbitrary
phononic circuit can be created that can be applied as various
bending waveguides or wave splitters. Fig. 27(b) shows the real-
ization of a tunable valley phononic crystal composed of hybrid
channel-cavity cells with tunable parameters [211], and multiple
functions including splitting waves, guiding waves at different
frequencies along distinct paths, and steering waves through
positive/negative refraction. Fig. 27(c) shows two models that
can be used to realize the directional transmission effect [212].
Defects could also be adjusted by adjusting the inner radius of
the hollow cylinders and the transmission of waves at different
frequencies can be achieved [213]. Fig. 27(d) shows a coupled-
resonator elastic waveguides formed by a chain of cavities in a
two-dimensional phononic crystal slab with cross holes. The
authors realized a straight waveguide and a wave splitting circuit
with 90� bends.
20
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Programming wave trajectory by transformation acoustics
Transformation acoustics [40,69], as an analog of transformation
optics, was first introduced by Cummer and Schurig [47]. This
method was performed based on the invariance of the acoustic
wave equation under coordinate transformations [38]. By apply-
ing transformation acoustics, researchers could draw on the rela-
tionship among the coordinate transformation and material
properties and design microsuperlens [214] for acoustic waves.
When the material distribution in the physical system (qeff ,

Keff ) is properly designed, it is possible to find a coordinate trans-
formation r ! r 0 (suppose r ¼ x1i1 þ x2i2 þ x3i3 is described with
the Cartesian coordinate, and r 0 ¼ q1j1 þ q2j2 þ q3j3, where j1, j2
and j3 are respective unit vectors), which makes the correspond-
ing acoustic field take the form in the new coordinate system,
without breaking the form of the wave equation. However, the
ideal material parameters prescribed by this methodology are
complex and challenging to obtain experimentally and are usu-
016/j.mattod.2020.10.006
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FIGURE 27

(a) Cross sections of coupled-resonator acoustoelastic waveguides formed by filling holes with water in different circuits on a finite phononic crystal with 19
� 19 cells. Left: Straight waveguide. Middle: Two-bend waveguide. Right: Eight-bend waveguide. (Reprinted with permission from Ref. [210]. 2017, American
Physical Society.) (b) Left: Schematic of the phononic crystals composed of a glass ceiling and an acrylic plate with cylindrical cavities distributed in
honeycomb lattices. Right: Valley phononic crystals with configurations for a transporting acoustic wave along a Z-shaped path. (Reprinted with permission
from Ref. [211]. 2020, Springer Nature.) (c) Top: A resonant unit cell (left) and an acoustic channel structure with line defect as a waveguide (right). Bottom:
Distribution of acoustic field in directional transmission model of a continuous channel (left) and a bifurcated channel (right). (Reprinted with permission from
Ref. [212]. 2019, AIP Publishing.) (d) Left: A coupled resonator elastic waveguides. Right: field distributions of displacement measured at 62.19 KHz for the
straight waveguide and the wave splitter, respectively. (Reprinted with permission from Ref. [11]. 2018, Elsevier.)
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ally highly anisotropic and inhomogeneous. Fortunately, com-
posite materials with embedded subwavelength resonators can
exhibit nearly arbitrary values of effective density and modulus
tensors to satisfy the demanding material requirements in trans-
formation acoustics. Inspired by electromagnetic waveguide
cloaks [215] with GRIN metamaterials, similar structures are
designed to accomplish the requirements of acoustic cloaking
[40] by acoustic metamaterials, whose elastic parameters could
be properly mapped in order to satisfy the acoustic properties
under request. Fig. 28(a) shows an acoustic cloak design process
[42], such that sound incident from all directions passes through
and around the cloak as though the object does not exist. The
undeformed region X is transformed by the mapping Χ into
the cloak space x. A single point O is transformed into a hole,
which is the invisible region and is surrounded by the cloak x.
The outer boundary ox+ is coincident with oX+(=oX), and the
inner boundary ox� is the image of the singular point O. The
first practical realization of a cylindrical cloak for linear surface
liquid waves [44] could effectively bend surface waves radiated
Please cite this article in press as: L. Wu et al., Materials Today, (2020), https://doi.org/10.1
by a closely located acoustic source. Since then, various acoustic
cloaks have been created based on the acoustic transformation
approach for homogeneous [35,49] or inhomogeneous back-
ground media [20]. Fig. 28(b) shows an acoustic cloak being
divided into any number of arbitrary triangular patterns [18],
which are mapped from similar patterns in virtual space. The
cloak could transform one triangular domain to various other
shapes. The resulting cloak is composed of homogeneous trian-
gular parts, each having just two alternating layers of the
material.

GRIN [216–219] materials are essentially important for achiev-
ing the distribution mapping of elastic parameters by transfor-
mation acoustics and demonstrate broad applications in wave
focusing [220] wave guiding [207], beam width modulating
[221], directional beam steering [222,223], mirage [224], energy
harvesting [56,225] and so on [226]. These materials are often
realized by the gradual modification of the filling fraction
[220,227,228], the size of the units [229], the lattice constant,
the material parameters and so on [230].
21
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FIGURE 28

(a) The undeformed simply connected region X is transformed by the mapping w into the multiply connected cloak x. (Reprinted with permission from Ref.
[42]. 2008, The Royal Society (U.K.).) (b) Top: Transformation from virtual space (left) to physical space (middle) with similar patterns and an approximate
circular cloak with sections of three homogeneous parts built with layered structures (right). Bottom: The pressure field for a plane wave with amplitude of
1Pa with circular cloak (left), square cloak direction 1 (middle) and square cloak, direction 2 (right). (Reprinted from Ref. [18]).

FIGURE 29

(a) Left: A schematic graph of GRIN phononic crystal lens with a rotating scatterer, Right: The original position of the lattice (top) and the scatterer with a
rotation angle of a (bottom). (Reprinted from Ref. [231]) (b) Pentamode lens design. Left: The top view of the designed lens. Middle: The discretized index
distribution within the lens. Right: The unit cell structure and parameters. (Reprinted with permission from Ref. [232]. 2017, Acoustical Society of America.)
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FIGURE 30

(a) Left: The building blocks of the Luneburg lens: 3D-crosses with varying geometric coefficient a0 lead to a range of refractive index. Right: A full 3D sample
design for 8 kHz airborne sound. (Reprinted with permission from Ref. [238]. 2018, Springer Nature.) (b) Design of the flattened acoustic Luneburg lens. Top:
Refractive index patterns for the circular acoustic Luneburg lens in the virtual space (left) and flattened acoustic Luneburg lens in physical space (right).
Bottom: An example of the truss unit cell (left), the cross-sectional views of the 2D lens with five stacking layers along the z direction (middle) and a 3D lens
with 19 stacking layers along the z direction (right). (Reprinted with permission from Ref. [8]. 2020, AIP Publishing.)
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Typical GRIN structures are shown in Fig. 29 [231,232]. Fig. 29
(a) shows a 2D GRIN phononic crystal lens [231] by gradually
rotating the scatters. The equivalent refraction index along the
y direction was modulated to satisfy the distribution of a hyper-
bolic secant profile using a specific rotation angle of the scatter.
By means of GRIN phononic crystal lenses, acoustic wave focus-
ing, acoustic beam aperture modifiers, acoustic “mirage” and
enhanced energy harvesting could be realized
[221,224,225,233–237]. Fig. 29(b) shows an inhomogeneous
acoustic metamaterial lens [232] based on the spatial variation
in the refractive index for broadband focusing of underwater
sound. The GRIN lens is comprised of transversely isotropic
hexagonal microstructures with a tunable bulk modulus and
mass density. Other examples include an acoustic Eaton lens,
which could steer an acoustic wave to a desired angle [58], and
a Luneburg lens [238], which is a spherically symmetrical device
with unique imaging properties, as shown in Fig. 30, where dif-
ferent types of 3D acoustic metamaterial Luneburg lenses were
applied for sound beam steering [8,238].
Prospects
After investigating dynamic mechanical metamaterials for dec-
ades, researchers can manipulate mechanical energy at will, both
Please cite this article in press as: L. Wu et al., Materials Today, (2020), https://doi.org/10.1
for the magnitude and direction of the energy flow. Mechanical
energy can be dissipated, confined, redirected, or transferred to
other forms of energy. Although many physical mechanisms
have been well developed to achieve these functions, the manu-
facturing process has always lagged behind. The feature size of
corresponding energy manipulation metamaterials is usually on
the macroscale, which is generally bulky for application. As we
can see from Fig. 2, the trade-off between the size and working
frequency remains a crucial challenge, and it is still challenging
to fill up the substantial blank area for small size and low-
frequency applications. For example, metamaterials to shield
traffic noise or seismic waves usually contain huge resonators
in meter scale, which are costly and difficult to install. A possible
solution is to combine different mechanisms together to obtain
desired working frequencies by metamaterials with a rational
geometry size.

On the other hand, with the rapid development of nanofabri-
cation technology, we are delighted to see that phononic crystals
and acoustic metamaterials at the micro- or nanoscale with an
ultrahigh working frequency (GHz or THz) could be integrated
into optical or thermal devices for the applications of signal pro-
cessing or sensors. For example, it is possible to couple hyper-
sonic phononic crystal [239] with other excitations, such as
23
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photons and electrons. The newly developed “phoxonic crys-
tals” [240] simultaneously able to manipulate both electromag-
netic and elastic wave propagation. Since the high frequency is
very close to the vibration of atoms in natural crystals, and a
brand-new domain might appear gradually, which combines
the acoustic, optical, and even thermal domains together.
Dynamic metamaterials are expected to possess more versatile
and extraordinary functionalities based on the fusion of multiple
fields.
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