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In the past two decades, artificial structures known as metamaterials have been found to exhibit
extraordinary material properties that enable the unprecedented manipulation of electromagnetic waves,
elastic waves, molecules, and particles. Phenomena such as negative refraction, bandgaps, near perfect
wave absorption, wave focusing, negative Poisson’s ratio, negative thermal conductivity, etc., all are
possible with these materials. Metamaterials were originally theorized and fabricated in electrodynamics,
but research into their applications has expanded into acoustics, thermodynamics, seismology, classical
mechanics, and mass transport. In this Research Update we summarize the history, current state of

Received 2nd May 2022, progress, and emerging directions of metamaterials by field, focusing the unifying principles at the
Accepted 15th September 2022 foundation of each discipline. We discuss the different designs and mechanisms behind metamaterials as
DOI: 10.1039/d2ma00497f well as the governing equations and effective material parameters for each field. Also, current and

potential applications for metamaterials are discussed. Finally, we provide an outlook on future progress
rsc.li/materials-advances in the emerging field of metamaterials.

|. Introduction

Metamaterials are artificial materials composed of unit cells
that work collectively to produce unusual, unique physical
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composite materials. In turn, these properties enable metama-
terials to manipulate propagating waves as well as the transport
of matter, thus opening the door to a world of new devices with
extraordinary abilities and potential applications. Over the
years several definitions of metamaterials have been provided
in literature, ranging from broad to narrow. The broader view is
that a metamaterial is composed of artificial unit cells or atoms
that act as one to produce properties not seen in natural
materials."® More narrow definitions include but are not
limited to ones that emphasize that effective material para-
meters are present® or that classify metamaterials based on
mathematical properties.’ Generally, the unit cells are arranged
in a periodic array that is a key component to most metamater-
ials; however, this is not a requirement for all metamaterials.
Depending on the operating wavelength, metamaterials can be
constructed to be as small as nanoscale, with units of atomic
lattices, to as large as meter-scale with units composed of
strategically placed resonators. Over the past two decades many
advancements have been made in the metamaterial field, but
the idea was originally conceived in 1967 by physicist Victor
Veselago.® Veselago wondered what if the electromagnetic
parameters electric permittivity (¢) and magnetic permeability
(1) in Maxwell’s equations were simultaneously negative. He
then realized that one would still get a propagating wave,
however, it would be backwards meaning it has antiparallel
wave vector and Poynting vectors.” Natural material with these
parameters does not exist so Veselago further hypothesized
possibilities for materials having such parameters. Veselago
called these materials “left-handed substances” because when
¢ and p are simultaneously negative, electric field vector E,
magnetic field vector H, and wave vector k form a left-handed
set of vectors. They are also known as double negative (DNG)
materials. He proposed that when a material has simultaneous
negative ¢ and p, an electromagnetic wave incident on the
material will exhibit negative phase velocity and the material
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will have a negative index of refraction, a reversal of Snell’s law.
He also proposed that the Doppler effect and Cherenkov
radiation would be reversed. In the late 1990s J. B. Pendry
and colleagues began preliminary work in the steps to realizing
this left-handed material. Pendry et al.® theorized and compu-
tationally verified a cubic lattice structure made a of extremely
thin wires capable of effective plasma frequency in the GHz
regime with ¢ of negative one Experimental verification of such
a structure came soon after.® Pendry et al.'® then achieved
negative permeability using very thin, periodically arranged
nonmagnetic conducting sheets that formed cylindrical micro-
structures known as split ring resonators (SRRs). From these
discoveries, D. R. Smith et al.'* created a composite material
consisting of periodically placed thin wires and SRRs that
exhibited simultaneous negative permittivity and permeability.
A negative index of refraction was experimentally proven at
microwave frequencies the next year by R. A Shelby et al.,"” just
as Veselago predicted.

Metamaterials are not the only artificial materials created to
manipulate wave propagation. Photonic crystals (PTCs),'*"*
artificial crystals comprised of periodically varying dielectric
lattice structures with high index contrast, can manipulate
electromagnetic waves and create band gaps. The idea of PTCs
originates from two separate papers published in 1987 by Eli
Yablonovitch'® and Sajeev John.'® They proposed material
designs that affect photons in the same way semiconductor
crystals affect electrons and create an electromagnetic band-
gap. Although their approaches were different in that Yablono-
vitch intended to control spontaneous emission while John
wanted to create strong photon localization, both researchers
wanted to find the photonic bandgap. PTCs can behave as
metamaterials’” by exhibiting effective = propagation
properties'®'® or possessing effective parameters®®>" but, they
are generally classified separately. There is one key difference
that sets them apart; PTCs and other artificial crystals
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(i.e., phononic crystals [PNCs]?»** and platonic crystals
[PLTCs]**) can only manipulate waves that are of comparable
size to their lattice constant, which typically results in a lattice
constant about half the size of the operating wavelength.
However, metamaterials can manipulate waves much larger
than their lattice constant, giving metamaterials a much wider
range of application. Metamaterials tend to employ geometry
and resonance, among other mechanisms, to help achieve
their novel properties. For example, electromagnetic metama-
terials (EMs) often use magnetic resonance”>® while a class of
metamaterials known as hyperbolic metamaterials®*~" utilize
high anisotropy instead of resonance.

Metamaterial research began in the electromagnetic field
but has expanded to cover many physical domains (i.e., acous-
tics, thermodynamics, classical mechanics, seismology, and
mass transport). Following the success of EMs researchers
wondered if the metamaterial concept could be applied to
other waves, leading to the first acoustic metamaterial in
2000.%% Several years later coordinate invariant mathematical
methods for creating EMs were developed opening the door for
other physical domains possessing coordinate invariant gov-
erning equations. This realization lead to thermal metamater-
ials in 2008,*** seismic metamaterials in 2012,>>2° and mass
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transport metamaterials in 2016.
ials do not have as clear of an origin, but materials classified as
mechanical metamaterials today have been around for many
years.***® Due to the vast amount of information on metama-
terials, we provide review articles for each category, excluding
mass transport. In this research update, we identify the estab-
lished and emerging metamaterial fields. We discuss the
different designs and mechanisms behind metamaterials as
well as the governing equations and effective material para-
meters in each field. We will discuss the many interesting
phenomena that occur such as negative refraction, bandgaps,
wave attenuation, wave absorption, wave focusing, negative
Poisson’s ratio, negative stiffness, etc. Over the past two dec-
ades, the metamaterial field has grown significantly so we
divide it into six fundamental categories: (1) electromagnetic,
(2) acoustic, (3) thermal, (4) seismic, (5) mechanical, and (6)
mass transport. Fig. 1 shows these six categories in a circular
diagram that is read from the center outward. The center of the
circle contains effective parameters that help produce the
physical phenomena in the second, middle section. The third,
outer section shows current and potential applications.
The parameters and phenomena with blended colors are
shared between two or more categories. Furthermore, this

Sub-wavelength
Imaging

> .
Q@ . Aircraft &
Radiative ) : Q
.§ Cooling Refraction HEEEES Susl:;:;alz;‘ne %
& 5,
TN (-) Thermal = ?
Conductivity (-) Permeability Bandgaps
Heat (-) Sound
Shielding Permittivity Proofing
Band (=) Bulk )
21cgaps Modulus  Refraction

Bandgaps

Seismic
Shielding

Ratio

Refraction

Building
Foundations

Extremal
Materials

Mechanical

Fig. 1 Relationships between parameters, phenomena, and applications for six types of metamaterials. The center of the figure contains some
parameters of metamaterials, the middle ring contains related phenomena, and the outer ring contains practical applications. Most metamaterials

implement periodic arrays into their structures.
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review summarizes the current progress and highlights existing
work in each area.

ll. Electromagnetic metamaterials

EMs operate at several different frequencies depending on the
operating wavelength and target application. Thus, EMs are
comprised of several types of metamaterials that apply to
specific wavelengths including radio waves,*' microwaves,*>
terahertz,">** infrared,”> and visible light (ie., photonic
metamaterials).*®*” EMs are made possible through the manip-
ulation of Maxwell’'s equations (Table 1). The equations
describe how electric and magnetic fields propagate and inter-
act with one another and with different mediums; therefore,
being able to manipulate these equations subsequently allows
electromagnetic waves also to be manipulated. Two fundamen-
tal parameters within these equations determine the electro-
magnetic properties of a medium: (1) electric permittivity (e)
and (2) magnetic permeability (u). These properties are the
effective parameters of EMs and give rise to their unique
properties. Most materials have positive permittivity and per-
meability, a few have negative permittivity and positive perme-
ability or vice versa, but no natural material has negative
permittivity and permeability simultaneously. As theorized
and later proven, a material that possesses negative permittivity

View Article Online

Materials Advances

and permeability simultaneously has a negative index of refrac-
tion. In nature, all mediums have a positive index of refraction
in which incident electromagnetic waves are refracted at a
positive angle to the normal. A negative index of refraction
means that incident waves are refracted at a negative angle to
the normal, in other words, on the same side of the normal as
the incident wave. These materials are known as negative index
materials (NIMs) and can serve as metamaterials by themselves
or can be combined with other materials to form a metamater-
ial. In 2000, Pendry et al*® gave practical use to NIMs by
proposing that a slab of NIM can be a perfect lens that can
produce near-field subwavelength images beyond the diffrac-
tion to which traditional optical lenses are limited. The diffrac-
tion limit does not allow details that are smaller than half the
wavelength of light to be resolved. These extremely fine details
are carried by evanescent waves that exponentially decay in
space. However, in theory, a perfect lens made of a NIM can
amplify evanescent waves and focus them with the propagating
waves, creating an image with greater detail than one from an
optical lens. A schematic drawing of the perfect lens is shown
in Fig. 2. The perfect lens concept was proven a few years
later*®®% however, evanescent waves were observed to decay
again at a certain material thickness, calling for improved lens
designs. Also, these lenses are referred to as superlenses and
not perfect lenses because of the inherent energy loss asso-
ciated with NIMs.

Table 1 The coordinate invariant governing equations for each category that are manipulated to design metamaterials

Field Equation name Equations
Electromagnetic Maxwell’s equations V-D=p
V-B=0
0B
VXE=—
. ot
oD
VxH=—+J
ot

D = electric displacement, p = charge density, B = magnetic field, E = electric field, H =
magnetic field strength, J = current density

p = density, C = heat capacity, T = temperature, x = thermal conductivity, Q = heat source

g = stress, e = strain, p = momentum density
c°, s & p°f = non-local operators

Acoustic Acoustic wave equation @ o
ar VP
p = pressure, ¢ = speed of sound
Thermal Heat conduction equation oT
qu pCE +V(=kVT)=0
Seismic Elastodynamic equations diveo =P
o=C%x e+ i
Willis equations =S e+ pfx i
q p p
1
e= E(Vu + (Vu)")
Mechanical Elastic moduli _ 0 _ stress
¢ strain
(Young’s modulus, Bulk modulus, P1— Do

volumetric stress

Shear modulus)
Poisson’s ratio G- _
ny

Vi—Vo/Vy volumetricstrain
shear stress
" shear strain

g  transverse strain

V=

Mass transport Diffusion equation Je;

5 = V(Dive)
(Fick’s 2nd law)

© 2022 The Author(s). Published by the Royal Society of Chemistry

" & longitudial strain

¢; = concentration, D; = diffusion coefficient
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Fig. 2 Examples of different characteristic length scales for metamaterial phenomena and applications. Metamaterials are fabricated in varying sizes

depending on the operating wavelength and their intended function. Optical cloaks
manipulate particles such as photons and phonons. Gas separation membranes
manipulate molecules and high frequency terahertz waves. Auxetic stents®® and microstrip (patch) antennas

51,52
37.55

5354 are constructed on a nanometer scale to

5657 operate on a micrometer scale to
5960 are constructed with millimeter

and thermal diodes
and terahertz absorbers

dimensions to manipulate mechanical motion and electromagnetic waves. The soundproof wall®%2 and acoustic superlens®** have periodic structures

on the centimeter scale to manipulate sound waves. Subsurface imaging®® and earthquake-resistant infrastructure

kilometer scale to manipulate seismic waves.

Superlenses have since been experimentally demonstrated
at optical,®®*® microwave,”® and infrared frequencies’*"* with
different designs. These lenses are capable of imaging as small
as 60 nm, but high energy losses still significantly reduce their
efficiency. Because of the design of the slab of NIM superlens, it
is limited to near-field applications. To bring the subwave-
length image into the far-field, far-field superlenses have been
proposed and experimentally achieved.”>””” The far-field lens
enhances and then converts evanescent waves into propagating
waves, thus allowing the details they carry to be seen in the far-
field. Hyperlenses in the far-field”®®" also are capable of
subwavelength imaging. A hyperlens is an alternative to a
superlens that is anisotropic with hyperbolic dispersion.
Lenses®>® also can be created from the transformation
method discussed below. More information on the physics
and types of metamaterial lenses is given in the reviews.?>%¢

Perhaps more interesting than a lens with subwavelength
capability is the electromagnetic cloak. An electromagnetic
cloak redirects incident electromagnetic waves around an
object and recombines them on the other side in the same
direction they entered, as if the object is not there (Fig. 2 and
3a). At optical frequencies, this is perceived as invisibility to an
observer. Such a device was theoretically conceived using
coordinate transformations by U. Leonhardt®” and Pendry
et al.®® Maxwell’s equations are invariant under coordinate
transformation meaning the equations remain true after being
transformed to another coordinate system. This is the founda-
tion of the transformation method known as transformation
optics® for light waves. This method began in optics as a

8394 | Mater. Adv., 2022, 3, 8390-8406

6667 are constructed on the meter to

strategy to create EMs that allows any deformation of an
electromagnetic field to be physically created with the corres-
ponding spatial distribution of material based on the coordi-
nate transformation. The resulting material usually is highly
anisotropic, spatially complex, and has varying indices of
refraction, which makes them extremely hard to fabricate. A
microwave cloak consisting of SRRs is one of the earliest
experimentally achieved cloaks.”® The cloak is created by
squeezing space from an arbitrary volume into an annular shell
leaving an opening in the center. The shell is the transformed
space made to redirect the incident light and surrounds the
object being concealed. A cloak also can be created by squeez-
ing the space into either a line®" or a sheet.”>** Based on the
coordinate transformation, required electromagnetic proper-
ties are determined, and the cloak is created. Optical cloaks
able to cloak objects on the micrometer scale have been
experimentally achieved using transformation optics.”"*>**
Electromagnetic cloaks have come a long way but require more
research for practical applications. In addition to transforma-
tion optics, there are other methods for creating cloaks and
EMs in general. Many involve implementing metasurfaces® ™’
that do not rely on the bulk constitutive properties of a
composite material. A metasurface is an extremely thin mate-
rial, smaller than the wavelength, made up of periodic units
capable of manipulating wavefronts. A popular design techni-
que known as inverse design®®'% aims to achieve optimal
metamaterial structure based on the desired characteristics.
This is done using numerical optimizations (i.e., shape optimi-
zation, topology optimization, and genetic algorithms) and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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A

Fig. 3 (A) Optical cloak: a three-dimensional view of the optical cloak. The light rays are guided within the annulus of the cloaking material contained
within Ry < r < R, and emerge from the opposite side uninterrupted from their original course. (B) Thermal concentrator: a constant heat source is
applied to the left of the concentrator. The mesh formed by streamlines of thermal flux (vertical) and isothermal values (horizontal) illustrates the
deformation of the transformed thermal space which is squeezed into the central disc. (C) Seismic metamaterial sensing: Enhanced monitoring of
subsurface fluids and structures (e.g., fractures) after injection of contrast agents that form periodic meta-structures. (D) Mass separation: Anisotropic
membrane consisting of an isotropic cylindrical core of radius Ry covered by an anisotropic cylindrical shell with internal radius R, and external radius R>.
The two molecules permeate in the membrane where one compound is directed around the core and the other compound is directed towards the core.
Graphics inspired by Pendry et al.®8 (A), Guenneau et al.*2° (B), Miller et al.®® (C), and Restrepo-Florez and Maldovan®* (D). Panel (A) adapted from J. B.
Pendry, D. Schurig and D. R. Smith, Controlling Electromagnetic Fields, Science, 2006, 312(5781), 1780-1782, reprinted with permission from AAAS. Panel
(D) adapted from J.-M. Restrepo-Florez and M. Maldovan, Breaking separation limits in membrane technology, J. Membr. Sci., 2018, 566, 301-306,

reprinted with permission from Elsevier.

numerical analyses (i.e., finite element method and finite-
difference time-domain) which solve Maxwell’s equations
providing the parameters required to fabricate the desired
metamaterial and provide computational simulations of the
resulting metamaterial. Antennas transmit and receive electro-
magnetic waves and have been used in televisions, telephones,
radios, etc., for years. The range and efficiency of antennas
always have been limited; however, with metamaterials, their
capability and performance can be improved. Metamaterial
antennas are comprised solely of metamaterials, or metamater-
ial components and techniques are implemented (Fig. 2). In
general, metamaterial antennas can be broken down into four
categories: (1) metamaterial loaded, (2) composite right/left
handed (CRLH)-based, (3) metasurface loaded, and (4) meta-
material inspired. Metamaterial loading involves loading the
antenna with effective media that interact with the antenna
to produce the desired metamaterial properties. Effective
media include resonators, PTCs, negative permittivity/perme-
ability material, or extreme permittivity/permeability material.
CRLH-based antennas implement left- and right-handed mate-
rial properties depending on the frequency. They are created
through transmission line and resonator methods and often
use a CRLH unit cell to produce the desired properties. Meta-
surface loading involves loading the antenna with metasurfaces
with properties such as bandgaps, high impedance surfaces,
and reactive impedance surfaces.'”'** Metamaterial inspired
antennas use one or more than two unit cells arranged in a
particular to produce the desired metamaterial
properties. These unit cells can be SSRs or can be
engraved into the actual antenna surface.® All design methods
have been experimentally proven to miniaturize antennas and
improve gain and bandwidth. Electromagnetic wave absorption
and sensing is another important application of EMs.
Absorbers can be used for radar echo reduction, reducing
unwanted radiation in antennas, protecting people from

array
59,104,105

© 2022 The Author(s). Published by the Royal Society of Chemistry

harmful radiation in medical devices, and reducing any other
electromagnetic interference.'’® There are two types of absor-
bers: (1) resonant and (2) broadband. Resonant absorbers use
resonance to interact with the incident waves at a certain
frequency, while broadband absorbers have properties that
are frequency independent, allowing them to operate over a
wider bandwidth. Perfect absorption that allows no scattering
or reflection can be obtained through metamaterial absorbers.
Landy et al'®” developed a perfect electromagnetic wave
absorber in the microwave frequency range that was able to
absorb nearly 100% of the incident wave. Soon metamaterial
absorbers were expanded to other frequency ranges including
terahertz,”®*”'% infrared,'*''® and visible light.'"" More
recently, W. Jiang et al.''? used three-dimensional printing to
develop a metamaterial absorber that is capable of more than
90% absorption in the radio wave frequency. Metamaterial
sensors'"® mainly are used for material characterization™'*'"
and non-destructive evaluation.'*® Generally, sensors must
absorb some of the incident waves to detect them, so metama-
terial absorbers and sensors are often one in the same.''”''
They can detect extremely small chemical and biological attri-
butes or changes as well as pressure changes. They commonly
are applied in microwave and terahertz frequencies"*® but also
have been tested for other frequencies.

All the metamaterials mentioned so far are classified as
passive and static meaning that once fabricated, the metama-
terial cannot be altered and possesses a narrow field of opera-
tion. Active metamaterials'*' are a class of metamaterials with
functionalities that can be actively tuned or switched. They can
be tuned in real time to fit a changing environment and
respond accordingly. There are two general classes of active
metamaterials: (1) mechanical reconfiguration materials and
(2) active materials. Mechanical reconfiguration refers to alter-
ing structural qualities such as lattice constants, resonator
shapes, or spatial arrangements using external stimuli that

Mater. Adv,, 2022, 3, 8390-8406 | 8395
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change the response of the metamaterial. Commonly used
external stimuli include heat,"**'** electricity,"** and
light.’**™**7 Alternatively, active materials can be implemented
into the structure of metamaterials to create an active meta-
material. Active materials are sensitive to external stimuli, thus
enabling their active control. Active materials include devices
like varactor diodes,”*™° semiconductors,”*""** liquid
crystals,"*>*** phase change materials,’*>'*® etc. Active meta-
materials are seen across physical domains so others will be
discussed in their respective sections.

[1l. Acoustic metamaterials

Advances in metamaterials caused researchers to wonder if the
theory of EMs can be applied to other fields. Soon enough,
these methods were carried over to the acoustic field and
applied to sound waves. This started a whole new class of
metamaterials called acoustic metamaterials (AMs)."""*” Like
EMs, AMs have effective parameters that give rise to their
extreme properties. Those properties are the bulk modulus
(x) and the mass density (p), which are mathematically analo-
gous to permittivity and permeability, respectively. Negative
bulk modulus and/or negative mass density gives rise to
negative refraction and other unnatural effects. The acoustic
wave equation (Table 1) is the governing equation for acoustic
wave propagation and contains the effective parameters. Nega-
tive refraction can be used to create an acoustic band gap like
the electromagnetic band gap seen in EMs. PNCs also were
created to manipulate sound waves in the same way that PTCs
manipulate electromagnetic waves. Phonons are units of vibra-
tional energy analogous to photons. The first PNCs were
introduced in the early 1990s by Sigalas and Economou'*® and
Kushwaha et al."*® Phononic crystals achieve sound wave control
through Bragg scattering while many AMs use a mechanism
known as local resonance to control wave propagation. Local
resonance refers to wave coupling that occurs when resonators
are arranged periodically with oscillators or other resonators. In
addition, Helmholtz resonance, which also is used in AMs, refers
to the resonance phenomenon of air in a cavity. Acoustic meta-
materials and PNCs are similar, but the range of frequencies
effected by PNCs is limited by anisotropy and the lattice constant
of the crystal while the range of AMs is unrestricted. AMs can
manipulate waves of a much larger wavelength than their lattice
size, allowing a wider range of application. The limitation of PNCs
is due to their use of Bragg scattering that only produces a band
gap of the same order as the lattice constant.

Acoustic metamaterials originally focused on sound attenua-
tion, which was achieved by Z. Y. Liu et al.>* in 2000. Their AM
was sonic crystals comprised of centimeter-sized lead spheres
coated in rubber and arranged in a square lattice with a lattice
constant of 1.5 cm. This device uses local resonance to produce
negative elastic constants, subsequently causing attenuation.
In addition to attenuation AMs are capable of cloaking,
subwavelength imaging, absorption, and sensing and are engi-
neered at macroscale and microscale levels. Macroscale AMs
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involve periodic structures or transformation acoustics while micro-
scale AMs involve the manipulation of phonons. Acoustic attenua-
tion often is achieved through mechanisms such as Bragg
scattering and local resonance. Membrane-type AMs have been
shown to implement these mechanisms and achieve high attenua-
tion for low-frequency sound (<500 Hz).°"*>'"%'! In addition,
there are groups working on active acoustic metamaterials with
some promising applications for sound attenuation.'**'** For
example, Xia et al'*®* theorized a thermally tunable acoustic
metamaterial for underwater sound blocking application.

The function of the acoustic cloak is similar to that of
electromagnetic cloak, but instead of visual invisibility, audible
invisibility is achieved. Using transformation acoustics, it was
theorized in two dimensions'* and then in three
dimensions'*® due to the realization of the form-invariant
linear acoustic equations. Many cloaks implement the tradi-
tional transformation method in which there is an annular
shell structure that protects objects within the shell from
outside sound waves by redirecting the waves around the shell.
The waves then continue along their original propagation path
effectively exhibiting acoustic invisibility. Many groups have
fabricated functioning acoustic cloaks'*®™**%; however, practical
applications have yet to be realized because of the cloak’s
ability to perform only at small scale and the fabricating the
cloaks is challenging because of their properties. Metasurface
acoustic cloaks’®'*? are a promising alternative to
transformation-based cloaks. These cloaks use very little mate-
rial with less extreme properties. The acoustic lens (Fig. 2), like
the electromagnetic lens, is used for subwavelength imaging
beyond the diffraction limit. Near-field superlenses®®%!33
amplify evanescent waves while far-field hyperlenses'>*'*®
vert evanescent waves to propagating waves. Other far-field
lenses that do not use high anisotropy have also been
designed."”®">” Acoustic lenses show great promise for applica-
tions such as medical imaging or building structure imaging.
For example, Zhu et al. developed a superlens with holes in its
structure to amplify evanescent waves in the near-field through
resonant tunneling.'”® Such a lens could be used to improve
ultrasonic imaging or detect cracks in building components.
Sound absorption AMs are another popular use. Acoustic
metamaterial absorbers have overlapping application with
attenuation AMs; however, they are fundamentally different.
Absorbers use resonators that couple with incoming waves,
thus effectively trapping them with little to no reflection or
transmission. They can absorb both low- and high-frequency
waves depending on the design. Many of these materials 