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Introduction
Why have acoustic metamaterials (AMMs) appeared on the scene in the last few 
years, and what are they? The original defining property of a metamaterial is that it 
achieves effects not found in nature as a means to address long-standing engineer-
ing challenges in acoustics. Can one, for example, create ultrathin acoustic barriers 
whose performance surpasses currently existing technology? Is it possible to elim-
inate scattering from an acoustic sensor and minimize the influence the device has 
on the field being measured? Can spatially compact acoustical lenses be created 
whose resolution surpasses the diffraction limit? These are but a few examples of 
the problems AMM research strives to address. The common theme of the many 
AMM devices is an apparent defiance of the intuitive laws of physics, which of-
ten require strange concepts such as negative density and negative compressibility. 
Negative effective properties underlie behavior such as negative refraction that, in 
turn, enables acoustic lens designs that beat the diffraction limit. 

AMM research was originally motivated by parallel developments in electromag-
netics, such as negative refraction and cloaking (Norris, 2015). The first to study 
these topics quickly found that the available materials were not up to the task of 
providing the necessary properties for cloaking or negative refraction. A straight-
forward reaction to this problem was to simply create new materials. Although 
not simple, the creation of new materials has been, and continues to be, the fun-
damental driving force for the study of AMMs. This has led to concepts that could 
not be anticipated from electromagnetics, such as pentamode materials (exotic 
materials that only resist one mode of deformation, analogous to how fluids only 
resist volumetric change), to address AMM challenges (Norris, 2015). The chal-
lenge in developing new materials has been significantly aided by steady improve-
ments in technology, primarily computer simulation and additive manufacturing. 
Those technologies combined with ingenious ideas from the acoustical research 
community have helped drive rapid advances in AMMs over the last decade, some 
of which we describe in this article. 

For acoustical applications, dynamic material properties are of interest and may 
open the door to more exotic behavior. The focusing/beamforming from the fatty 
lobe of a dolphin, known as the melon, is a case in point (Yamato et al., 2014). Dy-
namic properties are not the same as their static counterparts that we learn about 
in introductory courses on mechanics. Thus Figure 1 displays the design space of 
AMMs, a range that includes negative values for both density and compressibility, 
that is explained in detail in this article. At this stage, it is sufficient to note that the 
effective density and compressibility provide a helpful way to view the overall re-
sponse of an engineered structure as an effective medium rather than using the im-
pedance of a complex system. This is consistent with the metamaterial paradigm 
that seeks to expand the available parameter space available to people designing 
acoustic systems and devices to control acoustic waves.

Acoustic Metamaterials

Acoustic metamaterials expand the parameter space of materials 
available for new acoustical devices by manipulating sound in 
unconventional ways.
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Our objective is to demonstrate the broad range of AMMs 
in terms of some seemingly “unnatural” effects such as nega-
tive density and compressibility, nonreciprocal wave trans-
mission, and acoustic cloaking. The interested reader can 
delve further into the technical aspects both in the original 
papers cited and through several accessible reviews by Kadic 
et al. (2013), Ma and Sheng (2016), Cummer et al. (2016), 
and Haberman and Guild (2016). Detailed expositions on 
AMMs can be found in edited texts such as Craster and 
Guenneau (2013) and Deymier (2013). On specific topics, 
Hussein et al. (2014) survey phononic crystals and applica-
tions; Chen and Chan (2010), Fleury and Alù (2013), and 
Norris (2015) provide overviews of acoustic cloaking; and 
Fleury et al. (2015) review nonreciprocal acoustic devices. 
We begin with the negative acoustic properties and their ap-
plication. 

Dynamic Negative Density  
and Compressibility
Many AMM devices are based on negative acoustic density 
and/or compressibility (inverse of bulk modulus). The speed 
of sound, more precisely the phase speed, is the square root 
of the bulk modulus divided by the density. If either quantity 
is negative, then the phase speed is imaginary, correspond-
ing to exponential decay, and hence no transmission. When 
both acoustic parameters are negative, the phase speed is 
again a real-valued number, implying wave propagation, 
although with a twist: the energy and phase velocities are 
in opposite directions. This response provides AMMs with 
the capability to produce “unnatural’ effects like negative 
refraction that is discussed below. How are negative proper-
ties obtained? The concept of negative impedance is familiar, 
such as a tuned vibration absorber that oscillates in or out 
of phase with the force when the drive frequency is below 
or above the resonance frequency, respectively. Negative 
inertia can therefore be thought of as an out-of-phase time 
harmonic motion of a moving mass; see http://bit.do/negm. 

The first and probably most widely known AMM (Liu et al., 
2000), designed to isolate low-frequency sound much more 
efficiently than the classical mass law, was a composite con-
taining microstructural elements comprising heavy masses 
surrounded by a soft rubber annulus arranged periodical-
ly in a three-dimensional solid matrix. Many subsequent 
air-based devices employing negative inertia have used 
tensioned membranes as the moving mass (e.g., Lee et al., 
2009). Although negative inertia is common in vibrations, 
it is not as obvious how to achieve negative values of com-
pressibility (inverse of bulk modulus). Recall that positive 
pressure in naturally occurring materials results in a volume 
decrease. Negative compressibility therefore requires that an 
applied pressure yield a positive expansion. This can be real-
ized in close proximity to a well-known acoustical element, 
the Helmholtz resonator, above its resonance frequency 
where the cavity volume acts as a dynamic volume source. 
Combinations of these types of resonators can yield one or 
both negative properties in a finite frequency range. 

To understand how a double-negative AMM works, con-
sider the simplest example of an acoustic duct with alternat-
ing sprung masses and Helmholtz resonators, as in Figure 2. 
The resonators are defined by impedances that relate acous-
tic pressure (p) with volumetric flow velocity (U), according 
to pM = ZMUM and pH = ZHUH. The effective acoustic proper-
ties can be calculated by first considering the reflection and 

Figure 1. The material design space for acoustic metamateri-
als, density (ρ) versus compressibility (C), with example ap-
plications. Top right quadrant is the space familiar in normal 
acoustics. The other quadrants have one or both parameters 
with negative values. Negative density or compressibility can 
only be achieved dynamically. For instance, Helmholtz reso-
nators driven just above their frequency of resonance lead to 
negative dynamic compressibility. The three devices shown 
employ the metamaterial effects of negative refraction, trans-
formation acoustics (TA), and cloaking, all of which are de-
scribed in the text. 

http://bit.do/negm
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transmission of an isolated element at a given frequency 
(Figure 2). It is then standard procedure to combine the re-
flection/transmission coefficients to determine the 2 × 2 ma-
trix that describes how waves propagate across a single peri-
od of the transmission line. The Bloch-Floquet condition for 
determining the effective wavenumber (ke ) is then equiva-
lent to finding the matrix eigenvalues. This gives sinke b= 
ωb √ ρe Ce , where ω is the radial frequency, b is one-half the 
period length, and the effective density and compressibility 
are ρe  = ρ + 2SZM / (– iωb) and Ce = C + 1 / (– iωb2SZH), respec-
tively, where ρ and C are the fluid density and compressibil-
ity, respectively, and S is the duct cross section. 

A simple example is given by the limiting case of a hole in 
the duct which reduces the Helmholtz resonance frequency 
to zero and yields negative effective compressibility Ce  be-
low a finite cutoff. Conversely, Ce   is positive above the cutoff, 
which is a result well known in musical acoustics: tone holes 
in a flute are a high-pass filter. 

A membrane attached to the sides of the duct behaves as a 
mass (m) constrained by a spring (Figure 2) with ZM = –iωm 
[1 – (ω0 /ω ) 

2 ]/(2S) 2 and therefore acts as a high-pass filter. 
In this way, Lee et al. (2009) demonstrated negative effective 
inertia in a periodic array of membranes in air by observ-
ing transparency above 735 Hz and very low transmission 
below that. By contrast, the low-frequency absorber of Liu 
et al. (2000), with impedance ZM = –iωm [1 – (ω /ω0 ) 

2 ]–1/
(2S) 2 is a low-pass device whose cutoff frequency ω0/2π can 
made very low (400 Hz) by increasing the mass of the inter-
nal oscillator. By selecting the resonance frequencies prop-
erly, it is clear that it is possible to simultaneously achieve 
negative density and negative compressibility over a finite 
range of frequencies. As mentioned above, the phase and 

energy propagation directions are then opposite; a situation 
known as negative group velocity (group and energy propa-
gation velocities are almost always the same, except in the 
case of large absorption that is not applicable here). To see 
this, note that energy travels in the direction of the acoustic 
energy flux (pv), where v is particle velocity. A plane wave 
with dependence cos ω (    – t) has phase velocity c, which is 
real-valued because both the effective density and compress-
ibility are negative. The pressure and particle velocity are re-
lated by the dynamic impedance (ρc) and therefore, because 
ρ is negative, the energy flux direction must be opposite to 
the phase velocity. 

AMMs take advantage of negative properties in a variety of 
ways, including radiation/sensing in leaky wave antennae 
(LWAs) and focusing in phononic crystals. LWAs are one-
dimensional transmission line devices, like the duct consid-
ered above, designed to radiate sound into a surrounding 
fluid much like a long flutelike instrument with the sound 
emanating from the tone holes. The coupling to the exterior 
fluid is particularly strong if the compressibility element is 
an open hole. LWAs are of interest because of the possibil-
ity to refract acoustic waves at different angles using the 
frequency-dependent phase speed within the waveguide. 
Positive and negative effective properties allow the angle to 
range over 180°, from the forward direction with phase and 
energy velocities aligned to the negative direction where the 
energy in one direction in the fluid couples with the LWA 
wave with the phase velocity in the opposite direction. Naify 
et al. (2013) demonstrated radiation depending on excita-
tion frequency with positive, negative, and zero refractive 
indexes, using a structure made of periodically arrayed 
subwavelength alternating membranes and open vents. The 
LWA performs just as well sensing incident acoustic waves 
as it does radiating, which is a consequence of acoustic reci-
procity under time reversal. The LWA property to discrimi-
nate direction using frequency therefore allows directional-
ity detection of incoming sound using a single microphone 
in place of beamforming using multiple sensors (Esfahlani 
et al., 2016). 

If both effective density and compressibility become zero at 
the same frequency, then the phase speed remains real as 
this frequency is crossed because the properties are double 
positive on one side and double negative on the other. Such 
zero index materials are of interest because the phase speed 
becomes infinite (index is zero), which allows for devices 
that can steer acoustic energy in unusual ways, such as unidi-
rectional transmission and cloaking (Ma and Sheng, 2016). 

Figure 2. An acoustic duct with alternating membrane masses 
and Helmholtz resonators. The resonances of the two elements 
produce negative effective density and effective compressibility 
in certain frequency ranges. Simultaneously negative density 
and compressibility, a “double-negative material,” can be ob-
tained by matching the resonances. See text for details.
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The above model of membrane masses and 
Helmholtz resonators obviously allows for 
this possibility. 

Negative index AMMs also rely on the 
negative relationship between phase and 
group velocity to achieve what appears to 
be a radical violation of normal physics. 
Recall that a plane wave incident at a flat 
interface between two materials produces 
reflected and transmitted waves such that 
the components of the directions of propa-
gation relative to the interface are equal for 
the incident and reflected waves and are 
of the same sign for the transmitted wave, 
with the magnitude given by the Snell-
Descartes law of refraction. If one blindly 
uses the standard formula with a negative 
index (inverse of speed) for the transmit-
ted wave, then the sign of the transmitted 
component becomes opposite to that of 
the incident wave. As a result, the trans-
mitted wave appears to reverse its direction relative to the 
incident wave, hence negative index material (NIM). Unlike 
the one-dimensional LWA, the negative index phenomenon 
is two- or three-dimensional because it requires the trans-
mitted wave to have a negative group velocity for all incident 
directions. 

The concept of negative refraction is difficult to appreciate, 
and the authors of this article are the first to admit to having 
trouble understanding it. One way to think about negative 
refraction is that at an interface, it is the phase of the wave 
that is matched, phase rules so to speak. Hence, if the group 
velocity is parallel to the phase velocity on one side and anti-
parallel on the other, the energy flow along the interface must 
switch direction as the wave crosses into the NIM. If this is too 
far-fetched to comprehend, you do not have to believe us but 
can watch the movie instead (see http://bit.do/negref). 

One of the primary motivations for interest in NIMs is their 
ability to achieve higher resolution in imaging compared 
with classical lenses. Pendry (2000) showed that a rectan-
gular slab of NIM acts, in principle, as a perfect lens, which 
provided a major stimulus in the development of metama-
terials. This interactive program (see http://bit.do/NIMlens) 
allows you to get a feel for the NIM lens. Phononic crys-
tals (PCs) are periodic structures designed to display spe-
cific dispersion properties and are at present the method of 

choice for realizing NIMs. However, it is a delicate balancing 
act to obtain approximately constant phase and group ve-
locities for all wave numbers at a given frequency (equifre-
quency contours) while also ensuring uniform transmission. 
In practice, to act as the perfect lens, the slab should be of 
infinite extent, the equifrequency contours must be circular 
and the transmission amplitude independent of wave num-
ber. The PC water-based flat lens device of Hladky-Hennion 
et al. (2014) in Figure 3 achieves the first two constraints 
well but not the third. Despite this limitation, the lateral fo-
cus achieved is superior to a normal acoustic lens, making 
this arguably the most effective acoustic NIM lens to date. 

Transformation Acoustics 
The second concept driving the development of AMMs is 
transformation acoustics (TA) that provides the basis for 
acoustic cloaking and other wave steering systems. The fun-
damental idea behind TA is that (1) a change of coordinates, 
the transformation, modifies the acoustic equations, while 
(2) the coefficients in the new equations are the physical pa-
rameters in the transformed region. For instance, a spheri-
cal acoustic cloak uses the transformation of a thick annular 
region of fluid into a thinner one so that the original central 
volume is enlarged. If the thinner annulus, the cloak, faith-
fully mimics the equations of acoustics in the original an-
nulus, then, to an outside observer, the cloak plus whatever 

Figure 3. A rectangular slab of a negative index material can act as a near-
perfect lens because of the negative refraction and near-field effects (Pendry, 
2000). The simulated response of a point source below a negative index material 
(NIM) lens in water (left) shows the expected separation between the source and 
the focal point equal to twice the lens thickness. Top right: Measured pressure 
field in the source and the focal regions (Hladky-Hennion et al., 2014). Bottom 
right: Close-up view of the lens, an aluminum lattice designed to have effective 
static density and compressibility matched to water, hence called metal water.

http://bit.do/negref
http://bit.do/NIMlens
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is placed in the large central volume scatters acoustic waves 
like a much a smaller heterogeneity. The crucial condition is 
that the new material in the cloak steers the acoustic energy 
around the “hidden” object, which requires the cloaking 
material to propagate sound faster in the azimuthal direc-
tion than in the exterior fluid while simultaneously slow-
ing propagation in the radial direction relative to the back-
ground value because of the reduced thickness. As a result, 
the sound at a given point in the cloak behaves anisotropi-
cally, and the speed depends on the propagation direction. 
This is certainly not the situation in normal fluids. However, 
acoustic anisotropy is possible in systems comprising lay-
ers of different fluids arranged like a sandwich. Significant 
inertial anisotropy can be achieved if the layer thickness is 
subwavelength and the fluid densities are quite different. 
The spherical cloak is an extreme example in that it requires 
acoustic anisotropy levels that are not reachable at present. 
The acoustic ground cloak, also known as a carpet cloak, can 
be realized with relatively small anisotropy. Thus, Zigoneanu 
et al. (2014) used parallel layers of balsa wood in air to get 
just the right properties (see http://bit.do/acousticcloak). The 
recent Acoustics Today article on acoustic cloaking (Norris, 
2015) provides a more comprehensive overview of this and 
related developments. 

Although cloaking is the most dramatic manifestation of TA, 
the underlying concept of coordinate invariance also allows 
us to view classical effects like focusing in a new light. The 
convex lens, for instance, is based on the short wavelength 
approximation of ray acoustics. A superior image is guaran-
teed if the lens itself transforms the wave equation according 
to TA so that the focusing is independent of frequency. TA 
therefore opens up new possibilities for improved efficiency 
of passive acoustic devices. As an example, the circle-to-
square lens converts a monopole cylindrical source at the 
lens center into a fourfold plane-wave radiation pattern. 
Conversely, a plane-wave incident from one of the four di-
rections will focus at the center. TA achieves this by map-
ping a circular region of acoustic medium into a square using 
a conformal map. Conformal TA is special in that it maintains 
isotropy, and, furthermore, the density is unaltered; only the 
compressibility is modified (one might expect using ray acous-
tics that the impedance is constant but that is not the case!). 

Figure 4 shows the required distribution of the bulk modu-
lus along with the fabricated lens device and comparisons 
of numerical simulations and experimental measurements 
(Titovich et al., 2016). The variation in compressibility is ob-

tained to a good approximation using a grid of parallel tubes, 
each selected to match the density of water and to have the 
required effective compressibility. Using properties ranging 
from those of polymers to metals, the lens of Figure 4 was 
constructed with nine distinct materials. Distributed among 
the 7 × 7 cells of the lens, these simple elements were suf-
ficient to provide a broadband effect as shown in Figure 4. 

Emerging Areas in AMMs
Nonlinear Materials
All of the previous AMM examples rely on linear behavior. 
There are, however, a multitude of acoustical applications 
where material nonlinearity can be used advantageously. 
The challenge for AMM researchers is to devise materials 
whose constitutive curve (pressure versus volume change) 
includes regions that are highly nonlinear. Most nonlinear 
AMMs achieve this using structures that can be precon-
ditioned, usually with static prestress, such that pressure-
volume oscillations about the preconditioned state generate 
elevated levels of material nonlinearity. The concept is rep-
resented in Figure 5 where the linear response is about two 
different configurations (p = 0 and p = ppre ). 

Figure 4. TA, which underlies cloaking effects, also enables 
efficient and accurate acoustic lenses and radiators. Bottom 
left: Device is designed to radiate a monopole source preferen-
tially in four directions. The square array of 7 × 7 cylindrical 
tubes uses 9 different materials ranging from brass to polymer 
selected to approximately match the bulk modulus (top left) 
defined by transforming a circular region of water to a square. 
Radiation patterns at four frequencies are also shown, with 
simulation on the right and underwater measurements on the 
left (Titovich et al., 2016). 

http://bit.do/acousticcloak
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Material nonlinearity like that in Figure 5 can be produced 
by subwavelength, microscale geometric nonlinear mecha-
nisms, much in the same way that the dynamic linear mi-
crostructure leads to effective negative material parameters. 
The result is a nonlinear effective equation of state 

 

where p is the acoustic pressure, C0  and ρ0  are ambient com-
pressibility and density, respectively, ρ' is the density per-
turbation from ambient, and B/A and C/A are the effective 
parameters of nonlinearity. This results in strong nonlinear 
effects, including generation of higher harmonics, which can 
be used to improve imaging resolution and even to produce 
nonreciprocal wave propagation as discussed next.

Elevated material nonlinearity has been achieved using sev-
eral mechanisms, including buckled structures (Klatt and 
Haberman, 2013), patterned holes in soft media (Shim et 

al., 2015), active elements (Popa and Cummer, 2014), and 
granular media. A simulation of a “sound bullet” generated 
by granular chains can be seen at http://bit.do/soundb. In all 
but the granular media, the structures studied can produce 
equations of state with multiple stable configurations, analo-
gous to phase transformation in solids. This is of interest to 
reconfigurable AMMs discussed later.

Nonreciprocal Materials
One of the most fundamental ideas in acoustics is that wave 
propagation is reciprocal in the sense that transmission from 
a source to observer is identical if they are interchanged. 
However, it is also known that reciprocity may not hold in 
specific situations, for instance, in the presence of a moving 
fluid. Considerable recent effort has been focused on devel-
oping nonreciprocal AMM devices because of the exciting 
potentials, such as the ability to hear but not be heard, sen-
sors that can transmit and receive at the same time, or sen-
sors that have different transmit and receive patterns. The 
first such device exploited material nonlinearity to generate 
nonreciprocal acoustic wave behavior (Liang et al., 2009). 
Other nonreciprocal acoustical systems followed, including 
a linear device that employed momentum field biasing via 
fluid motion in a resonant cavity (Fleury et al., 2014) and 
another that modulated the material properties using elec-
trically active components (Popa and Cummer, 2014). 

So how does one generate nonreciprocal behavior? As with 
the cases of negative dynamic density and compressibility, 
one must take a closer look at the fundamentals; it is essen-
tial to understand what physical principles underpin acous-
tic reciprocity. A brief description is provided here, but the 
reader is referred to the recent Acoustics Today article on this 
topic (Fleury et al., 2015) for detailed explanations. 

Reciprocity can be formulated for most systems support-
ing wave propagation (acoustic, electromagnetic, elastody-
namic) using the Onsager-Casimir principle of microscopic 
reversibility. Consider a linear time-invariant medium, pos-
sibly inhomogeneous, in which time-harmonic waves are 
excited at source point A and detected at B. The Onsager-
Casimir principle implies tAB(ω,η,B) = tBA(ω,η,−B) where tAB 
and tBA are the transmission coefficients for waves propagat-
ing from A to B and B to A, respectively, ω is the frequency, 
η is the material loss factor, and B is a set of parameters that 
influence propagation. The proper selection of B, therefore, 
allows one to break microscopic reversibility and thus pro-
duce linear materials that support nonreciprocal acoustic 

Figure 5. The use of nonlinear effects is an emerging area of 
acoustic metamaterial research. One possibility is to control 
the linear acoustic response by imposing a state of prepressur-
ization (ppre ). The idea is based on the schematic nonlinear 
pressure-volume change (solid black line). Boxes: Approxi-
mate linear responses about two different reference configura-
tions. The configurations are (1) zero pressure, zero volume 
change (gray box) and (2) a state of prepressurization (blue 
box). Pressure perturbations associated with acoustic waves 
are well approximated by the gray tangent lines. Nonlinear ef-
fects become important at much lower acoustic pressure am-
plitudes for the prepressurization configuration as indicated by 
the vertical extent of the blue box relative to that of the gray box.

Equation 1 Article #3 Haberman/Norris 

𝐶𝐶!  𝑝𝑝 =   𝑥𝑥   + !
!!
  𝑥𝑥!   + !

!!
  𝑥𝑥!  +  . .. with 𝑥𝑥 = 𝜌𝜌′/𝜌𝜌! (1) 

http://bit.do/soundb
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propagation. The challenge of creating media and devices 
displaying nonreciprocal behavior is thus to violate micro-
scopic reversibility. Fleury et al. (2014) achieved this using 
fluid flow to induce momentum field bias coupled with a 
resonant cavity; Figure 6 shows an illustrative schematic of 
this approach without the cavity. 

Another means to break reciprocity is to violate some as-
sumptions of the Onsager-Casimir principle. Nonreciprocal 
transmission can thus be induced by breaking linearity or 
time invariance. For instance, Liang et al. (2009) employed 
narrowband acoustic filters made from periodic plates and a 
nonlinear medium consisting of contrast agents in water to 
produce one-way propagation. 

Active and Reconfigurable Materials
Active AMMs are heterogeneous media with some constitu-
ent components controlled by an external stimulus. A simple 
example would replace the diaphragms in Figure 2 used to 
generate negative dynamic density with piezoelectric mem-
branes. It then becomes possible to control the resonance, 
and thus the dispersive nature, of the AMMs. The first ex-

ample of this in the context of AMMs was an active trans-
mission line (Baz, 2010) that injected energy into the system 
using electromechanically coupled elements to produce tun-
able negative dynamic density. Another application of active 
AMMs employs nonlinear electric circuits to control non-
linear acoustic propagation (Popa and Cummer, 2014).

The earlier discussion of engineered nonlinear acoustic me-
dia opens the door to the concept of a reconfigurable AMM. 
Reconfigurable here implies that one can somehow alter the 
medium (actively or passively) in a way that fundamentally 
changes its dispersive properties. Analogues are deployable 
structures used in aerospace applications or the everyday ex-
ample of a deployable structure, the umbrella. An umbrella 
is highly compliant and dense (i.e., contained in a small vol-
ume) before expanded into its “usable” configuration. When 
deployed, however, the structure is considerably stiffer and 
less dense. A reconfigurable metamaterial is one that em-
ploys similar structural concepts on the subwavelength scale 
to produce a material that can control acoustic waves in dra-
matically different ways depending on the configuration. 

To date, most reconfigurable AMMs have employed per-
forated buckling elastomeric structures (Shim et al., 2015). 
This area of research is very new, however, so it is highly 
probable that different methods for producing reconfigu-
rable acoustic media will be found.

Finally, it is important to highlight that many nonlinear 
AMMs represent the flipside of the reconfigurable AMM 
coin. The interest in reconfigurable AMMs is to support 
wave propagation in two or more regimes with large linear 
regions and then to vary the linear properties by switching 
between configurations. Nonlinear AMM design, on the 
other hand, seeks to optimize configurations whose consti-
tutive behavior does not require large-amplitude acoustic 
pressures to generate nonlinear behavior. For this reason, it 
is possible that the same structure can be used to create both 
nonlinear and reconfigurable AMMs.

Conclusions 
Although many of the topics of AMM research sound exot-
ic, it is important to recognize that acousticians have a long 
history of designing subwavelength structures to control 
acoustic waves. Examples include the design of bass traps to 
absorb low-frequency sound in performance spaces, Helm-
holtz resonators to limit acoustic wave propagation in ducts, 
and contrast agents to improve ultrasonic imaging capa-
bilities. Nature provides exquisite prototypes; the subwave-

Figure 6. Acoustic signals usually behave in a reciprocal man-
ner, meaning that the response is unchanged if the source and 
receiver are swapped. The schematic shows how nonrecipro-
cal wave propagation can be induced by transmission through 
medium II with fluid flow. An acoustic beam (psig ) incident 
from the left and sensed at A is refracted as it transits me-
dium II. It exits with a different propagation direction than 
it entered with and is detected at point B. If the acoustic sig-
nal is time reversed at B (double arrow), it will be refracted 
and detected at point C on the other side of medium II. Thus                  
tAB ≠ tBA and transmission between any two points on opposite 
sides of II (A and B or B and C) breaks reciprocity.
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length spatial filter known as the human cochlea springs to 
mind. Although these examples are not usually referred to in 
the context of AMMs, they exploit the same physical prin-
ciples as individual AMM elements and can easily be con-
sidered precursors to AMMs. Indeed, one can comfortably 
state that many AMM concepts have been hiding in plain 
sight waiting for us to stumble on them. We are fortunate 
to have finally come to appreciate and realize what properly 
designed subwavelength structures can provide to the field 
of acoustics.

In the span of just over a decade, AMMs have developed 
from several disconnected research efforts into a well-estab-
lished, wide-ranging, and expanding field that encompasses 
ideas like negative refraction, super resolution, cloaking, 
enhanced absorption, nonreciprocity, active control, and 
material tunability. Concepts introduced in AMM research 
challenge acousticians to rethink what is possible and offer 
potential solutions to long-standing problems in acoustics. 
We are confident that new ideas hatched in AMM research, 
coupled with the expanding technologies of computational 
simulation and additive manufacturing, will produce the 
next generation of acoustical materials and devices.
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