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This review article is concerned with metamaterials, i.e. specifically engineered structures with special
properties for interaction with sounds. The research on and practical design of these materials have gained
momentum in the last decade, when 3D printing techniques provided the possibility to fabricate such geometri-
cally complex structures. We briefly describe the history of research on AMMs and group them into active and
passive metamaterials. For each of these groups of AMMSs, we discuss the most notable construction achieve-
ments and outline the main applications. We conclude this review with a discussion of possible directions for
further research and main applications of AMMSs such as noise attenuation, acoustic lens, and the cloaking

phenomenon.
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1. Introduction

Metamaterials are artificial, man-made materials of
unique properties and structures that do not occur in
nature. A significant growth in interest and develop-
ment of metamaterials has taken place over the last
two decades. Generally, the concept derives from the
studies attempting to control electromagnetic waves
in a more effective way than it was possible with the
then available materials. Historically, numerous efforts
have been made to manipulate electromagnetic waves
in a way that is similar to what optical devices do with
light waves. Note that the first use of optical lenses was
in Ancient Egypt and dates back to over two millennia
BC (EnocH, 1999; GRUBER, TEW, 1998). However,
manipulating light waves with “natural” materials only
has some significant limitations such as those resulting
from the principles of wave propagation, e.g. diffrac-
tion (BORN, WOLF, 1980). Resolution of conventional
lens is limited by diffraction of light waves. It is a phy-
sical limit where the resolution of the rendered image
is inversely proportional to the light wavelength and
proportional to the lens size. Two decades ago, prof.
John PENDRY (2000) presented a paper in which he de-
scribed a “perfect lens” which inherently goes beyond
diffraction limits. He proposed a way to build a lens
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able to focus waves in the entire visible spectrum. Such
an ambitious goal called for unique properties of the
lens material. However, the material sought by Pendry
did not exist in nature. It had to have negative perme-
ability (u) as well as negative permittivity (g) coeffi-
cient at the same time. Earlier, a similar concept was
put forward by a Russian physicist Victor Veselago. In
1968, he published a pioneering work on the theoretical
analysis of materials featuring negative € and p coef-
ficients (VESELAGO, 1968). Such materials are called
“left-handed” or doubly negative substances.

The year 2000 was crucial for metamaterials not
only because of Pendry’s contribution. The same year
SMITH et al. (2000) published a paper in which they
numerically analyzed a structure featuring negative
permittivity and permeability coefficients. Smith with
his coworkers built a structure based on a periodic
array of resonators and a net of wires that together
formed a left-handed substance for electromagnetic
waves. They used Split Ring Resonators (SRR) with
uniformly placed metal wires underneath. The res-
onators were made on a printed circuit board (PCB)
with a thin copper layer. The shape of the resonator
was such that for a predefined range of frequencies its
permeability was negative. At the same time, the men-
tioned net of wires had permittivity € below 0. The
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transmitted signal of the net alone was below the noise
level. Thus, adding a net of wires to the PCB of reso-
nators resulted in introducing negative permittivity of
the resonator (¢ < 0) for a certain frequency range.
Experimentally, a passband spectrum was achieved
within which both the p and € coefficients were nega-
tive (SMITH et al., 2000).

There were other researchers who undertook to
study left handed materials. Previously, such sub-
stances were not called metamaterials. The term was
used for the first time by Roger Walser in 1999, during
DARPA workshops (ZIOLKOWSKI, 2014). As WALSER
(2001) explains in his later work, the name is com-
posed of the word ‘meta’ (gr. Merd — beyond). The
intention was to emphasize that the properties of such
substances go beyond the properties of other materials
existing in nature.

Although, the pioneering studies carried out by
VESELAGO (1968) and PENDRY (2000) were fundamen-
tal in the history of metamaterials, there were other
investigations which concentrated mainly on electro-
magnetic (in a microwave range) and optical metama-
terials. Both authors focused their efforts on building
a ‘super’ (also referred to as ‘perfect’) lens. A properly
engineered structure of left-handed substance can have
the refractive index at near zero or even negative val-
ues. The device in question can surpass the diffraction
limit, which is a theoretical resolution limit for opti-
cal devices. Obviously, it is possible to observe even
smaller objects with electron microscopes, those, how-
ever, are very complex and expensive devices.

The research on metamaterials has enabled investi-
gation of intriguing phenomena of cloaking. Generally,
the term cloaking refers to the idea of making objects
invisible to the external world. PENDRY et al. (2006)
and LEONHARDT (2006) published articles suggesting
that invisibility may be possible with the use of meta-
materials.

Veselago, Pendry, and Smith paved the way for fur-
ther studies of metamaterials. While their work was
oriented to microwave range of frequencies, metama-
terials can be designed for other wavelengths, from
nanometer to meter scale. Generally, our world is filled
with different types of waves such as electromagnetic
or mechanical waves. While some of them can spread
in vacuum, mechanical waves (e.g. sound waves) can
propagate through a physical medium only.

The last two decades have led to strong insights into
our understanding and potential novel applications of
electromagnetic doubly negative substances. Neverthe-
less, the concept of double-negative materials can also
be applied to mechanical waves such as acoustic waves,
not just to electromagnetic waves, although they are
quite different.

Acoustic waves are ubiquitous in everyday life, e.g.
they play an important role in human communica-
tion, but they can also be utilized for imagining, sens-

ing, medical diagnosis and treatments etc. (SARVAZYAN
et al., 2013). Acoustic waves are not only the sounds
that the human ear can hear and perceive as audi-
ble (assumed frequencies between 20 Hz and 20 kHz).
Their spectral range extends much further. As they
are longitudinal waves, they are different from electro-
magnetic waves which are transverse waves and are
comprised of electric and magnetic components. In-
terestingly, with some assumptions the Maxwell and
Helmholtz equations (see Table 1 describing electro-
magnetic and acoustic waves) are similar (FANG et al.,
2018; ZHANG, 2010).

Table 1. Acoustic and electromagnetic equations analogy.

Acoustic waves Electromagnetic waves
1 % = — WPz Ve aaE; = —iwpy Hy
2 88—1; = —1lWPy Uy aaljj =W Hy
3 681;; + %” = —iwpBP aaljcy - 8;;“ = iwe. E.

where P — acoustic pressure, E — electric field, H — mag-
netic field, z, y, z — spatial coordinates, p — permeability,
€ — permittivity, p — dynamic density, u — particle veloci-
ty, w — angular frequency, § — dynamic compressibility.

Analogies between electromagnetic and acoustic
waves have interested researchers as far back as the
17th century. Robert Hooke believed that light and
sound waves are similar in nature. Two centuries later,
James Maxwell and Lord Kelvin have used the analo-
gies (mathematical, physical) to explore the wave phe-
nomena in both type of waves (CARCIONE, ROBIN-
SON, 2002). The analogies were analyzed and described
by many authors, CARCIONE and CAVALLINI (1995),
Nicoras et al. (1998) but FANG et al. (2018) and
ZHANG (2010) have presented those in a form of de-
scriptive list (Table 1). It presents mathematical pari-
ties between acoustic waves and electromagnetic waves
if such are analyzed on a plane. Note that in 2D case
the equations assume scalar formulation (only one po-
larization mode). Therefore, it can be described by the
electric field F, and the magnetic field components
H,, H,. Sound as a longitudinal wave is determined
by acoustic pressure P and particle velocity v, v,.
Due to above assumptions, the third component v, is
skipped.

With that said, specifically engineered structures
of materials should act on acoustic waves in a man-
ner similar to that in which they do on electromag-
netic waves. They are called Acoustic Metamaterials
(AMM). Acoustic metamaterial structures are also re-
ported to have novel properties, including a cloaking
effect (L1 et al., 2015) or negative refractive index (L1,
CHAN, 2004), similar to Veselago’s medium properties
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defined for electromagnetic waves. L1 and CHAN (2004)
proved the existence of AMMSs, and presented many
analogies to electromagnetic metamaterials (EMM).

While considering electromagnetic structures, as
left-handed medium we refer to those characterized
by negative permittivity and permeability coeflicients.
Meanwhile, in the case of acoustics, a double-negative
structure is termed a material characterized by nega-
tive effective mass density and bulk modulus. Conse-
quently, metamaterials have unprecedented properties
beyond the capabilities of traditional metamaterials.
In the case of optics and EMMs, this was for example
surpassing the diffraction limits for light. In the case
of acoustics, it is also possible to break the diffraction
limits with AMMSs, and what might be equally inter-
esting, it is possible to overcome the mass density law.
This feature has the potential to significantly affect the
construction of mid- and low-frequency acoustic isola-
tions where transmission loss is dependent on the mass
of the baffle (1). In general, to obtain more mass, the
dimensions of the barriers are consequently increased.
As described in next chapters, metamaterials provide
better insulation with significantly smaller barrier di-
mensions (LONG, 2014)

TL=20log(fms) - Krr,

(1)

jor)
o
=3

Positive effective bulk modulus

where f is frequency [Hz|, m; is surface mass density
[kg/m?|, K77, is numerical constant (47.3 dB in metric
units).

Figure 1 presents classification of the materials in
terms of the effective mass density and the bulk modu-
lus. Natural materials are characterized by positive val-
ues of both parameters (Fig. 1c). All other categories
(Fig. 1a, 1b, 1d) with one or two negative coefficients
have unprecedented natural capabilities and are there-
fore called metamaterials.

The properties of traditional materials may appear
to be sufficient for many applications. However, AMMs
due to their outstanding properties, can provide strong
noise attenuation with much lower dimensions. Never-
theless sound absorption is not the only exceptional
property of acoustic metamaterials. Note that AMMSs
can be used for controlling sound propagation, focus-
ing or dispersing acoustic waves, as well as for acoustic
cloaking.

A significant development of such AMM has been
observed since additive manufacturing became more
accessible and affordable. New technologies were
introduced as well as new raw materials for printing.
Moreover, currently used methods are constantly
being improved and used for fabrication of metamate-
rials. 3D printing techniques enabled the fabrication

<)

Negative effective bulk modulus

Peft

Fig. 1. Classification of materials with regard to the effective mass density and the bulk modulus: a) negative effective mass

density acoustic metamaterial; it is a visualization model of an array of meta-units concept inspired by LEE et al. (2009),

the blue parts are membranes glued to the edges of tube subunits; b) double negative acoustic metamaterial, values of

effective mass density acoustic and effective bulk modulus are negative; simulation model of Liu et al. (2020) presenting an

idea of combining Menger cube with the zigzag channeling; ¢) ‘ordinary’ materials such as metals or polymers, including

naturally or artificially made porous materials; d) negative bulk modulus acoustic metamaterial; presented waveguide is
composed of an array of Helmholtz resonators, as presented by FANG et al. (2006).
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of complex structures and models that were otherwise
impossible to build. ZIELINSKI et al. (2020) indicate
that prototype acoustic materials, including acoustic
metamaterials are already being fabricated. Such novel
structures can be then empirically verified. 3D print-
ing is a very flexible production method, allowing for
not only complex but also detailed manufacturing, in
a relatively cheap and quick way.

Acoustic metamaterials can be categorized in many
ways. They can be grouped by their construction, func-
tion etc. We propose a subdivision of AMMs as shown
in Fig. 2.

Acoustic metamaterials are one of the branches
in a general group of artificially designed composites
with unique properties. Looking back at the history
of AMMSs, a surge of interest in this field began in
year 2000, when L1U et al. (2000) demonstrated a mile-
stone result in sound absorption. Over the next years,
a number of studies were conducted, until some limits
of passive AMMs were reached. This led to investi-
gation of the so called active acoustic metamaterials,
which initially were based on passive ones with an ex-
ternal control. Therefore, the proposed division is with
regard to the activeness or passiveness as presented in
Fig. 2. A similar approach was applied in a review car-
ried out by ZANGENEH-NEJAD and FLEURY (2019).

Acoustic metamaterials are part of a metamate-
rials family and include active and passive ones. Also,

the whole family can be subdivided according to the
structural complexity and interaction in specific direc-
tions of wave propagation. Thus, we can distinguish
linear metamaterials — 1D, metasurfaces — 2D or spa-
tial metamaterials — 3D. Each of these subgroups ob-
viously further includes active as well as passive struc-
tures. Also worth mentioning is a classification based
on the properties of the material, i.e. values of effective
mass density and bulk modulus. Finally, active acous-
tic metamaterials can be divided with respect to the
type of external control, e.g. magnetic or electric stimu-
li. On the other hand, passive devices may be catego-
rized by their built (construction): resonant structures
and transmission line acoustic metamaterials.

A few reviews on acoustic metamaterials have been
published during last decades. However, they focused
mostly on individual single aspects. These articles con-
centrated either on general ideas and theoretical inves-
tigations (CUMMER et al., 2016), through sound ab-
sorption (ZHANG et al., 2020), to sophisticated AMMs
constructions (ZANGENEH-NEJAD, FLEURY, 2019).

This paper is structured as follows. In Sec. 2, two
major types of acoustic metamaterials are defined,
namely active and passive metamaterials, and their
key application areas are outlined. In Sec. 3, simula-
tion software packages are discussed which can be used
for design and numerical simulation of metamaterials.
Next, Sec. 4 was provided for the future outlook dis-

Metamaterials
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Other metamaterials
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metamaterials
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metamaterials
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Fig. 2. The classification diagram of acoustic metamaterials.
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cussion. Finally, in the concluding section, the review
is summarized and main future developments of meta-
materials and their exceptional potential applications
are pointed out.

2. Types and applications of AMMs

Our classification of acoustic metamaterials is gen-
eral and describes devices that can be interpreted as
working in one dimension with respect to the propa-
gating wave (1D), 2D (metasurfaces) as well as in 3D
interaction with acoustic waves (ZANGENEH-NEJAD,
FLEURY, 2019). Other criteria based on which the
AMNMs are categorized, as presented in the following
sections, are the structure and type of external excita-
tion’s source. Namely, in the case of passive structures,
they are divided according to the operation mecha-
nism. Interestingly, in this group one can distinguish
transmission line structures and those with resonating
parts. On the other hand, in the case of active meta-
materials, the mechanism of external control is pointed
out. Finally, the values of relevant acoustic parameters,
i.e. effective mass density and bulk modulus, are taken
into account in the review.

2.1. Passive acoustic metamaterials

Two decades ago, in 2000, researchers reported
sound attenuation in excess of 60 dB for a 400 Hz tone,
effected with a 2 cm thick material (L1U et al., 2000).
They created a medium with locally resonant struc-
tural units and achieved negative mass density. The
experiment covered measurements of an 8 x 8 x 8 meta-
atoms cube, in which a single unit was a small lead ball
covered with silicone (Fig. 3).

Fig. 3. Model of the AMM cube consisting of metal spheres
covered with silicone, as suggested by Liu et al. (2000).

Fach worked like a mass on a spring to model
a mass-spring resonator. All of those small meta-atoms
worked as subwavelength scatterers. Their out of phase
oscillations above the resonance frequency were used to
produce destructive interference. Although, the edge

length of the cube was about 10 cm it turned out that
spatial periodicity was not affecting that interference,
and it was possible to build a material of about 2 cm
thickness to attenuate the acoustic wave of a length of
approx. 77 cm.

Another example of a structure characterized by
a negative effective density factor was reported by LEE
et al. (2009), who presented an acoustic metamaterial
based on very thin flexible membranes at the end of
rigid tubes (Fig. 1la). The authors obtained a critical
frequency at 735 Hz below which the sound wave was
blocked by a system of array of resonators. The experi-
mental results agree with those foreseen by theoretical
analysis.

Six years after Liu’s work, FANG and co-workers
(2006) demonstrated a negative bulk modulus in an
experiment with an array of the Helmholtz resonators
connected to a waveguide. Although, it was only a one
dimensional wave propagation model, the work paved
the way for further studies on multidimensional ar-
rays of the Helmholtz resonators. MAHESH et al. (2011)
published a paper on the study of acoustic metamateri-
als with negative bulk factor. He used eight Helmholtz
resonators to build a one-dimensional waveguide. The
experimental results were compared to the simulation
carried out in the Comsol finite element simulation en-
vironment. Although, the experimental results differed
slightly from the simulated values, a considerable at-
tenuation of sound near the resonance frequency was
confirmed in both approaches.

One of the potential applications of acoustic meta-
materials is noise absorption. Noise can be referred to
as any unwanted signal that is received or contami-
nates the signal of interest. In the modern congested
world, acoustic noise is a serious issue. It is produced
by any vibrating object in our environment. On be-
half of the World Health Organization, GOELZER et al.
(2020) published a report addressing the threats, con-
trol, and prevention of noise and noise-induced hearing
problems. Obviously, the best solution is to avoid or
prevent noise exposure, however, it is rarely possible.
Thus, new damping materials must be developed for
sound absorption. Traditional sound absorption mate-
rials are usually based on porous structures made to at-
tenuate acoustic waves. Although, it is rather straight-
forward to cancel out high frequencies, low frequen-
cies are very difficult to control. In general, this re-
sults from wavelengths that typically are significantly
greater than the diameter of the fibers or pores in
the absorbent materials. They have more energy than
higher tones, they penetrate deep into the materials
and dissipate energy in a slower manner. As predicted
by the mass density law, attenuation of low frequency
noise requires thick materials, if traditional ones were
to be used. Although sound wave absorption was one
of the first key features of acoustic metamaterials,
new concepts of these structures where ideal absorp-
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tion is the goal are still being developed. An exam-
ple is the work of SHAO et al. (2019) who proposed
a metamaterial structure with a near-zero Bulk modu-
lus. They constructed a low-frequency absorber (> 0.99
for 157 Hz) with a thickness about 28 times smaller
than the wavelength at which it operates. They created
a lattice of oval units with an internal zigzag struc-
ture by which the propagation path is much longer
than the thickness of the material in a straight line.
Inside the structure is a core that connects the two
channels together for destructive interference. The re-
sults were simulated and further experimentally con-
firmed. A similar concept has been was presented re-
cently by LONG et al. (2020) The authors presented
an ultra-thin metastructure that they report has sig-
nificant engineering and scientific contributions. The
presented structure is made of a sponge and a meta-
surface behind it. It provides broadband attenuation
of low frequencies. The metasurface combines several
different coiled resonators to extend the bandwidth.
Combined with the sponge layer, this results in high
damping (> 0.8) in the range of about 185 to 385 Hz
(over one octave).

LEE et al. (2010) fabricated a structure made of an
array of membranes and holes. With such a medium,
they were able to obtain double negativity for frequen-
cies in the range of 240-450 Hz. It was a milestone
achievement in the research on acoustic metamaterials,
proving that doubly negative acoustic medium could
be fabricated. The authors postulated that such ma-
terials should be useful to make super acoustic lenses
or could be used to make devices capable of acoustic
cloaking. YANG et al. (2013) confirmed that a combi-
nation of the membrane system and Helmholtz reso-
nators, characterized respectively by a negative mass
density and a negative bulk modulus, allows for the
construction of a double-negative system. Such a sys-
tem was constructed from two diaphragms connected
by a plastic ring. The double negative coefficients were
obtained for the frequency range of 520-830 Hz. The
authors point out that this simple system can serve as
a meta-unit for the construction of more complicated
metamaterial structures.

An interesting structure was presented by LIN
et al. (2021) presenting a two-layer Sandwich Struc-
ture Composed of Resonating Acoustic Metamaterial
(SSCRAM). The SSCRAM is a periodic lattice of
meta-atoms each built from a surface layer with a hole,
and an internal resonant structure with added mass.
The goal behind this is to achieve the best possible
acoustic isolation. The authors present an analytical
model of the presented sandwich structure and show
promising experimental results. The increase of STL
by about 7-8 dB for low frequencies (370-670 Hz) was
obtained.

In another work L1U et al. (2020) claim that despite
novel applications, such materials bring, e.g. build-

ing acoustic lenses and sound control, there is a lack
of design and fabrication methodology. Nevertheless,
by using a combination of spatial Menger structures
(a three-dimensional version of the Sierpinski car-
pet) and the zigzag channels, they designed a doubly-
negative AMM. They simulated the structure using
a finite element method and confirmed the results ex-
perimentally. It was proved, by simulations and experi-
ment, that for a certain frequency range the presented
material has a negative refractive index. Interestingly,
there were also frequencies for which the effective mass
density assumed zero value. The observed property,
named as density-near-zero property, allowed them to
build a model of a waveguide for bending the acoustic
plain wave by 90 degrees. This property opens nume-
rous novel applications.

One of those is an acoustic cloaking. It is as a rule
of thumb it is analogical to invisibility cloaks. Thus,
it relies on the manipulation of (sound) waves and
steering them around an object to make the sound
invisible (LI et al., 2015). ZIGONEANU et al. (2014)
demonstrated an almost perfect design of a 3D omni-
directional device invisible to sound. Their design was
based on a pyramid consisting of metaunits — small
air-filled cubes with a perforated plate inside. A few
years later, ESFAHLANI et al. (2016) suggested and nu-
merically verified the concept of skin-like metasurface
for acoustic cloaking. By analogy to electromagnetic
metamaterials, acoustic ones can be used for super-
resolution imagining. That involves building an acous-
tic lens. In 2020, Chinese researchers developed and
investigated a metamaterial with a multilayer struc-
ture. With the latest additive 3D printing technologies,
they fabricated a biaxal super-resolution metamaterial
lens. They also observed that with the structure built
enabled duplication of an acoustic beam and perfor-
mance of composition and decomposition of sound im-
ages (PENG et al., 2020).

2.2. Active Acoustic Metamaterials

During the last decade, a few reports have been
published on the so called active acoustic metamate-
rials (AAMM). The AAMMs are, in general terms,
acoustic metamaterials but their interaction with
acoustic waves can be controlled in an active way. The
concept involves any type of external stimuli altering
the properties of the material as well as its functional-

1ty.
2.2.1. Mechanical control

One of the most popular meta-atom used in con-
struction of AAMM is the Helmholtz resonator. Since
FANG et al. (2006), its performance has been stud-
ied extensively. It is a powerful device and adopted
in many applications. However, it is tuned to a specific
frequency range. Based on FANG et al. (2006) array of
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resonators, LEE et al. (2012) came up with an idea of
a mechanically controlled acoustic metamaterial. Simi-
larly to the previous static designs, they created an
array of syringe-like tubes connected to the side of
a perpendicular duct. Each of the plungers could be
mechanically adjusted and therefore the volume of the
resonator could be controlled. The uncommon results
included continuous adjustment of compressibility in
the range of -8 to 6 relative to air (LEE et al., 2012).

LANGFELDT with coworkers (2016) developed a mem-
brane type acoustic metamaterial. The authors put
forward an idea of already known membrane materi-
als that could be externally controlled. Their design
required at least two membranes to be used as sepa-
rate structures. Those membranes were spread apart
to form a cavity between them, filled with air. With
the use of external air pressurization device, air pressu-
re in that cavity could be regulated. Increased pressure
acted on the membranes causing their deformation and
modifying their stiffness. Finally, the designed acous-
tic metamaterial was capable of influencing the trans-
mission eigenmodes and transmission loss. Although
the built device was externally controlled, which meant
that its reconfiguration could be done remotely, there
were no attempts to perform live frequency tuning
in order to attenuate external environmental noise
(LANGFELDT et al., 2016).

One of the recently published papers on active
metamaterials is by NING et al. (2021). Although,
one could categorize the structure presented there into
many categories, its performance is based on a me-
chanical change in the structure. The built structure
consists of a frame, an annular gas airbag, and a balan-
cing mass inside it. By changing the pressure inside the
balloon, or changing the temperature of the gas inside,
the metamaterial is deformed and thus its properties
also change. Based on numerical simulations and ex-
periments, the authors conclude that it is possible to
manipulate and control very low vibrations in a fre-
quency range of 13-90 Hz.

2.2.2. FElectric and magnetic control

Another investigated idea of actively tuned mem-
brane type acoustic materials relied on using the elec-
tric field. An interesting concept of applying voltage
between two electrodes in the metamaterial was re-
ported by X1A0 et al. (2015). They modeled a devi-
ce with a rubber membrane on which a gold coated
platelet electrode was fixed. Next, a net like electrode,
transparent to the acoustic wave was placed parallel to
the first one. The membrane with the electrode on top
of it worked like a simple spring-mass resonator. By
applying DC voltage to the electrodes it was possible
to tune eigenfrequency and phase of incoming acous-
tic waves. Moreover, an AC current tuned in phase
with the membrane excitation has the capacity to en-

hance the performance of such acoustic metamaterial.
AC voltage can introduce additional vibrations to the
system and act like an acoustic switch, with the ratio
of the transmitted to blocked signals of 21.3 dB.

Pursuing the idea of tunable membrane acoustic
metamaterials, a few reports dealt with using electro-
magnets as external stimuli for controlling properties
of metamaterial. Comparable to Xiao et al.’s mem-
branes, a similar device was built but with a mag-
net fixed to the membrane and electromagnet acting
on it. By applying a DC current to the electromagnet it
was possible to control the vibrations of the membrane
(MA et al., 2018). Yet another idea of taking advantage
of electromagnets was proposed by CHEN et al. (2016).
They proposed a design of doubly negative acoustic
metamaterial made of membranes and holes. The stiff-
ness of the membranes could be manipulated by ap-
plying a current to the electromagnets. The authors
highlighted the possibility of extending the bandwidth
of double negativity by 40% by applying an electric
current of a small value.

An interesting concept was presented by SIROTA
et al. (2021) to achieve real-time active control of
a sound beam. The presented metamaterial built from
parallel plates uses acoustic transducers placed per-
pendicular to one them and treat them as a source of
acoustic velocity. It is designed to create a specified
pressure inside the propagation region. The pressure
is continuously monitored by a series of sensors and
the system is managed by a controller with an embed-
ded author’s algorithm. The presented concept can be
called a meta-surface because it gives the possibility
to freely direct the wave propagation inside the sound
tube. The authors state that such a metamaterial us-
ing feedback loop can be used to implement different
types of acoustic coupling, and together with dynami-
cal properties all can be programmed.

2.2.83. Piezoelectric control

Another original structure of an active acoustic
metamaterial employs piezoelectric patches. Piezoelec-
tricity is a phenomenon of inducing electric charge on
the surfaces of some crystals as a result of applied
external pressure (stress). Conversely, the same crys-
tals are capable of changing shape under the applied
electric field. Moreover, its mechanical parameters can
change as well. Making use of the properties of piezo-
electric crystals AKL and BAz (2012) were able to ob-
tain a metamaterial of controllable dynamic mass den-
sity. They introduced a water-filled cavity with piezo-
electric elements. The piezoelectric elements were con-
trolled by using positive or negative feedback in order
to modify the effective stiffness of the designed cell.
With such a mechanism, the authors proved that the
effective density of such a metamaterial can be con-
trolled. The obtained densities varied in the range of



10

Archives of Acoustics —

Volume 47, Number 1, 2022

0.72-3.2 gm/ em?® and were tested on acoustic frequen-
cies on a bandwidth of 100-500 Hz.

In 2021, the same authors presented another work
on the studied metamaterial with a dynamically con-
trollable effective density. A real-time control of the
experimental sample was achieved. The change of dy-
namic density of incompressible fluids to 0.35 and 13 x
the original density was demonstrated. The authors
emphasize that this contribution may change the per-
ception of incompressible fluids such as water from
static to dynamic and may pave the way for the era
of programmable fluids (AKL, Baz, 2021).

ZHANG et al. (2016) came up with an idea of
an ultra-thin low frequencies acoustic waves insula-
tor based on piezoelectric acoustic metamaterial. They
proposed a metasurface that could overcome the mass
density law. For frequencies lower than 1 kHz, their
metasurface was capable of attenuating sounds by
30 dB. The proposed acoustic metasurface is referred
to as ultrathin, since it is made from thin foil with
piezoelectric patches whose thickness is much smaller
than the length of the processed sound waves (1000 x
thinner).

Following the work of AKL and BAz (2012), AL-
LAM et al. (2017) demonstrated a programmable den-
sity acoustic metamaterial. It is an example of a 1D
membrane type metamaterial. In such a membrane
piezoelectric elements are used with feedback control
circuit in order to change the effective mass density of
the unit in the range of —100+100 kg/m3.

2.2.4. Thermal control

There have been few studies reported on thermally
controlled acoustic metamaterials. Although they are
indeed controllable, their response to external stimuli
is not immediate and therefore they have not gained
noticeable research interest. NAIFY et al. (2020) from
the U.S. Naval Research Laboratory explored an acous-
tic metamaterial that can be actively tuned with an
electric current passed through the material. They
built a kind of a membrane that was 3D printed from
carbon filled conducting material. Their approach is
based on the local variation of the temperature of
the membrane which can therefore be softened or stif-
fened. The authors believe that their approach could
be beneficial since many acoustic metamaterials are of
the membrane type. Results have also been reported
which demonstrated an increasing or decreasing fre-
quency response following a change in the temperature
of the material.

3. Engineering simulation software

First reports on metamaterials concentrated solely
on theory. A notable example is the previously men-
tioned Veselago’s paper based on a theoretical back-

ground. A rapid development of this research topic and
developing manufacturing aids enabled experiments
that validated the unique properties of metamate-

manufacturing.

Simulation software packages have been extensively
used in the design of acoustic metamaterials. Speci-
fically, numerical methods have been used to justify
unique properties of AMMs. Most of the reports im-
plement finite element method analysis, usually per-
formed with Comsol® and ANSYS® simulation solu-
tions.

CUMMER and SCHURIG (2007) applied numerical
techniques to simulate the cloaking effect by acoustic
materials. It was one of the first attempts proving, as
was the case for electromagnetic metamaterials, that
the cloaking effect can be reproduced in acoustic meta-
materials. Figure 4 presents a simulation of EM wave
propagation prepared with Anisotropic Cloak FDTD
application in a MATLAB environment (CSERNYAVA,
2021). The figure shows undisturbed propagation of
an electromagnetic wave (Fig. 4a), propagation with
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Fig. 4. Simulation of a cloaking effect in EM metamateri-
als: a) no obstacle, b) obstacle, ¢) obstacle + metamaterial
cloak.
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an obstacle (Fig. 4b) and the phenomenon of masking
the obstacle — the cloaking effect (Fig. 4c).

YANG et al. (2008) performed a series of finite
element simulations on their design of a membrane-
type metamaterial. Their simulations justified negative
mass coefficient at the examined frequency at which
a total wave reflection occurs. Similarly, AKL and BAZ
(2012) presented a concept of how to simulate an ac-
tively tunable acoustic metamaterial that implemented
piezoelectric transducers. In ANSYS 12.1 environment,
they developed an exact model of a cell filled with wa-
ter and enclosed by bimorphs.

Comsol Multiphysics® is a frequently used soft-
ware program for numerical simulations. Within the
wide portfolio of addons available for this tool, there is
an acoustic module designed for acoustic simulations.
It was employed by POPA et al. (2013) in the analysis
of acoustic waves generated by monopole and dipole
sound sources.

Simulations are also beneficial in providing a proof
of concept before fabrication. The main advantage
stems from the fact that fabrication of metamaterials
requires complex, time-consuming, and usually expen-
sive technological processes. Whereas with simulations
one can reduce the risk of failure, save time or/and
money. Further still, simulations can predict the results
of the experiments assuming production errors occur.
ZIGONEANU et al. (2014) states that their approach in-
volved computer simulations to check whether produc-
tion errors will alter material parameters. Their com-
plex model of a three dimensional acoustic cloak would
be difficult to manufacture. Therefore, the authors cal-
culated engineering tolerances for which the fabricated
cloak should retain its desired properties.

DONG et al. (2019) by applying dozens of computer
simulations optimized the topology and fabrication of
double-negative AMMs. They developed a framework
of different shapes or sizes of structures to achieve the
widest possible bandwidth (Fig. 5).

a)

ﬁ%‘@@@ -
mﬁﬁﬁ lﬁéﬁ#ﬁ

Fig. 5. a) Model of the AMM inspired by Dong et al. (2019);
b) a fragment of this model produced using 3D printing
technology.

With each passing year, simulations provide greater
and greater accuracy. SHAO et al. (2020) reported an
interesting paper on employing Helmholtz cavities and
acoustic metamaterials to build membrane structure
muffler. In their work, the authors used finite element
simulation to design absorber of low frequency noise.
Comsol Multiphysics® was the tool selected to per-

form simulations that allowed the researchers to ob-
serve that changing the number of membranes enabled
them to control mass density. Their concept was then
experimentally confirmed in a laboratory. For the fre-
quency range where the mass density coefficient was
negative for the muffler, a significant 28 dB attenuation
was achieved. More interestingly, the authors reported
their analytical results to coincide with the experimen-
tal transmission loss measurement. However, not all
of the calculated /simulated numbers matched the real
ones. The peak TL value occurred to be slightly lower
than it should compared to the finite element model.
A probable cause was that the muffler had not been
properly sealed to act correctly on the incident wave
during the experiment. It was not taken into consid-
eration during the computer simulation, which led the
researchers to suspect it to be the reason (SHAO et al.,
2020).

4. Future outlook

There is still room for new AMM designs and struc-
tures. For example there is still a lack of metamateri-
als with non-linear acoustic couplings and metamateri-
als built from inhomogeneous and anisotropic compo-
nent units. Also, one of the main problems of acoustic
metamaterials is the narrow operating bandwidth. Al-
though the presented papers outline studies confirm-
ing research work on this issue, it remains a challeng-
ing problem to solve. Compressing of individual meta-
units interacting with different frequencies may be the
method, but a combination of traditional acoustic ma-
terials and metamaterials may yield positive results.
The continuous increase in available computing power
along with available simulation tools allows researchers
to design faster and more effectively, and their designs
can be conveniently tested without the need for time-
consuming lab experiments. One of the challenges in
the field of acoustic metamaterials is how to fabri-
cate them. Although, technological development, espe-
cially the development and popularization of additive
manufacturing, have given impetus to the development
of AMMs, there are still problems in practical imple-
mentation. 3D printing technologies have opened new
perspectives for the fabrication of metamaterials and
enabled the validation of sophisticated designs. It is
highly likely that additive manufacturing may even be
beneficial for commercial production and implemen-
tation of AMMSs. The promising rapid development of
various 3D printing techniques could potentially enable
even more sophisticated designs to achieve even better
meta-properties. Current accomplishments in build-
ing metamaterials for airborne sound frequency range
could be spread over to other disciplines. The cloaking
effect and other wave control properties of airborne
AMNMs could possibly be transferred to liquid environ-
ments. Any environment other than air demands more
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sophisticated analysis and experiments due to different
densities of and wave propagation in the media. Never-
theless, cloaking phenomena may be advantageous for
divers, submarines etc. Additionally, seismic/tsunami
wave resistant devices could also benefit from metama-
terial research. Last but not least, it is worth mention-
ing that there are also papers devoted to metamaterial
based facilities that are able to reduce destructive en-
ergy of earthquakes (SANG HOON, MUKUNDA, 2012).

5. Summary and conclusions

Although the foundations of metamaterials were es-
tablished in the last century, interest in the subject
spiked at the beginning of this millennium. Metama-
terials are man-made, artificially fabricated structures
that do not occur in nature. The emerging develop-
ment of metamaterials has opened up new ways of
looking at material properties as well as novel possibi-
lities to control not only electromagnetic but also me-
chanical waves. The latter, i.e. acoustic waves, are re-
viewed in this article. In the early 2000s, Pendry’s work
sparked the research community to investigate mate-
rials with so-called negative coefficients, permeability
and permittivity, for electromagnetic materials. Soon
after, a novel concept of acoustic metamaterials with
negative bulk modulus and negative effective mass den-
sity was put forward. However, the biggest limitation
to overcome, as Veselago summarized, has been how
to fabricate materials of such outstanding properties.
Now, almost two decades later, technological progress
has made it possible to fabricate metamaterials in la-
boratories and therefore establish their parameters ex-
perimentally.

Acoustic metamaterials with a negative bulk mod-
ulus or a negative mass density coefficient obey the
mass law and therefore are very efficient in absorb-
ing sound waves. Since the absorption of long acoustic
waves, i.e. low frequency waves, is the most problem-
atic issue, acoustic metamaterials provide a serious ad-
vantage. Another benefit of metamaterials is the ability
to focus or scatter sound. However, the possibilities go
far beyond that. We have introduced the idea of acous-
tic metamaterials as a close relative of electromagnetic
metamaterials. Thus, there is still a need for further
research and search for important novel applications.

Over the last 2-3 years, there has been a large in-
crease in interest and development of the discipline of
acoustic metamaterials. This review article provides an
up-to-date overview of recent scientific achievements
and trends in the discipline. It contains a comprehen-
sive bibliography and presents the current state of the
art, including the literature references and journal pa-
pers. A graphically presented flow chart shows the en-
tire family of metamaterials and our proposed classi-
fication in terms of metamaterial structure and ope-
ration. This review summarizes the discipline in a way

that is accessible to readers and researchers, stimulates
interest, and provides sources for further studies.

Despite the fact that many documents confirming
the beyond natural properties of AMMs have already
been published, there is still much to be invented. In
this paper we have presented an intuitive classification
of acoustic metamaterials that includes the so called
passive and active acoustic metamaterials. The pas-
sive ones have outstanding properties, including low
frequency acoustic wave absorption, while maintaining
small dimensions. Those fixed structures are still in the
field of interest, although they have evolved into active
acoustic metamaterials. AMMs’ performance appears
be even better; most interestingly, they can be actively
tuned. Tunability is a feature not attainable with na-
tural materials. It enables, for example, tuning them
in to a desired frequency, which means they could be
selective, but it also means the range of usable frequen-
cies is expanded.
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