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Abstract—Metamaterials are a class of artificially engi-
neered structures designed to manipulate electromagnetic,
acoustic, and elastic waves in ways not possible with conven-
tional materials. Their unique properties, such as the negative
refractive index, arise not from their chemical composition
but from their carefully designed subwavelength architecture.
This capability has unlocked a vast spectrum of applications
across diverse domains, including next-generation telecom-
munications, super-resolution imaging, acoustic cloaking,
targeted medical therapies, and efficient energy harvesting.
Recent research trends are advancing the field towards tun-
able and reconfigurable designs, practical two-dimensional
metasurfaces, and the exploration of topological metamate-
rials for robust waveguiding, largely enabled by advances
in additive manufacturing. However, challenges remain in
fabrication precision, energy loss, and scalability for mass
production. This review provides a state-of-the-art overview
of metamaterials, covering their fundamental principles,
classifications, and transformative applications, while also
discussing current challenges and future perspectives toward
their integration into real-world systems and commercial
devices.

Keywords: Metamaterials, Negative Refractive Index,
Metasurfaces, Photonics, Acoustic Metamaterials, Pro-
grammable Materials.

I. INTRODUCTION

The search for materials with tailored properties has
long been central to science and engineering. Traditionally,
a material’s electromagnetic, acoustic, and mechanical
characteristics were seen as fixed by its chemical compo-
sition and atomic structure. The advent of metamaterials
has overturned this view. These engineered structures
derive their unusual properties not from chemistry, but
from their carefully designed geometry: arrays of sub-
wavelength building blocks (“meta-atoms™) that interact
with waves in ways impossible for natural matter [1].

The foundations of the field were laid by Veselago in
1968, who theorized materials with simultaneously nega-
tive permittivity (e¢) and permeability (u) [2]. For decades
this was only hypothetical, until Pendry proposed split-ring
resonators to realize negative permeability [3] and the idea
of a "perfect lens” with sub-diffraction imaging [4]. Soon
after, Smith et al. experimentally demonstrated negative-
index materials [5], and Shelby et al. verified negative
refraction [6], sparking worldwide research.

From its roots in electromagnetism, the metamaterial
concept has expanded to acoustics [7], elastic waves, and
thermal transport. The field has progressed from bulky,
lossy 3D structures [8] to practical 2D metasurfaces that
offer precise wavefront control in ultrathin formats [9], and

further to active, programmable, and nonlinear systems
that can be tuned in real time [10]. Current frontiers
include topological metamaterials with robust, defect-
immune waveguides [11], and Al-driven inverse design
that discovers structures beyond human intuition [12].
This review provides an overview of the state of the
art in metamaterials and their wide applications. We first
outline the physical principles behind their operation,
including negative refraction and effective medium the-
ory. Next, we classify major types, from 3D bulk media
and 2D metasurfaces to acoustic, elastic, and topological
variants. We then examine their impact across fields such
as telecommunications, optics, biomedical imaging, acous-
tics, and energy harvesting. Finally, we highlight key chal-
lenges and future directions, emphasizing the transition
from lab concepts to core next-generation technologies.

II. FUNDAMENTAL CONCEPTS
A. Definition and Core Principle

Metamaterials represent a major shift from traditional
materials science. In conventional materials, electromag-
netic properties such as permittivity (¢), which describes
how a material responds to electric fields, and permeability
(p), which describes its response to magnetic fields, are
fixed by the material’s chemical composition and atomic
structure.

Metamaterials, however, break this rule. They are ar-
tificially engineered materials made of periodic arrays of
very small building blocks called meta-atoms. These struc-
tures—often shaped like rings, rods, or other geometric
patterns—are much smaller than the wavelength of the
electromagnetic wave they interact with. As a result, the
whole structure behaves like a single uniform medium
rather than a collection of separate pieces [2] [5].

The key idea is that the effective permittivity (e.r¢) and
permeability (pofr) of a metamaterial are controlled not
by chemistry, but by the geometry of its meta-atoms: their
shape, size, orientation, and arrangement. By carefully de-
signing these parameters, researchers can create materials
with electromagnetic properties that do not exist in nature.
This ability allows unprecedented control over how waves
propagate, a lot of phenomena.

B. Effective Medium Theory (EMT)

A central idea in metamaterials is the concept of effec-
tive medium theory (EMT). Since the individual building
blocks (meta-atoms) are much smaller than the wavelength
of the wave they interact with (¢ < A), the material



does not scatter waves like a discrete structure. Instead,
it can be treated as a homogeneous medium with effective
parameters e and flegs.

In this framework, the microscopic fields produced by
the meta-atoms are averaged over a unit cell, yielding
macroscopic parameters that describe the bulk response.
This homogenization is valid only in the subwavelength
regime, where the unit-cell size is typically smaller than
one-fifth of the wavelength (¢ < A\/5). If the unit cells
become too large, Bragg scattering and photonic crystal
effects dominate, and EMT no longer applies.

The effective refractive index is then defined as

Neft = +/Eeftleff, (D

allowing metamaterials to be described by the same for-
malism as natural media, even though their properties arise
from geometry rather than chemistry.

EMT provides the theoretical basis for understanding
how artificial structures can mimic or extend natural mate-
rial responses. It also highlights the design trade-off: while
smaller unit cells improve homogenization and extend
EMT validity, they are harder to fabricate, especially at
higher frequencies.

C. Negative Refraction and Left-Handed Media

The most renowned and groundbreaking property of
metamaterials is their ability to exhibit a negative refrac-
tive index. This concept was first theorized by Veselago in
1968, who postulated that a material with simultaneously
negative permittivity (¢ < 0) and permeability (1 < 0)
would possess a negative refractive index (n < 0) [2].

This leads to a phenomenon known as negative re-
fraction. When an electromagnetic wave passes from a
conventional medium into a negative-index material, it
bends in the opposite direction predicted by the standard
Snell’s law:

n1sinf; = ng sinfs, 2)

where nq,ns are the refractive indices and 6., 05 are the
angles of incidence and refraction. If no is negative, the
refracted ray lies on the same side of the normal as the
incident ray (see Figure 1).

Conventional
Material

Left-handed
metamaterial

Fig. 1: Visualization of negative refraction at the interface
between a positive-index (n; > 0) and a negative-index
(ne < 0) medium. The refracted ray bends to the same
side of the normal as the incident ray.

This counterintuitive behavior is a direct consequence
of the reversed wave propagation dynamics within a left-
handed medium. In a conventional (right-handed) medium,
the electric field (E), magnetic field (H), and wave vector
(k) form a right-handed orthogonal triad:

k=E x H. 3)

In a negative-index metamaterial, this relationship is in-
verted, and the three vectors form a left-handed triad
(see Figure 2):

k=—(E x H). “4)

This fundamental reversal is the origin of the term “left-
handed media.”

Fig. 2: Comparison of the right-handed triplet (E, H, k) in
conventional media and the left-handed triplet in negative-
index metamaterials.

Another striking property is that in left-handed media,
the phase velocity vp and group velocity vg point in
opposite directions. The phase velocity, which is parallel
to the wave vector k, is negative. However, the direction of
energy flow is given by the Poynting vector S = E x H,
which defines the group velocity v,. In a negative-index
medium, S and k are anti-parallel:

w A~

vp = mk, vg = Vixw(k) || S, vp-vg < 0.

&)
This means the wave fronts (phase) move one way,
while the energy (group) flows the other way.

energy flow and
group velocity

Fig. 3: Phase and Group Velocity in a Left-Handed
Medium

The theoretical concept became an experimental reality
in the year 2000, when Smith et al. constructed a compos-
ite medium from an array of copper split-ring resonators
and wires, demonstrating negative refraction for the first
time in the microwave regime [5]. This seminal work
was followed shortly by direct experimental verification



of negative refraction by Shelby et al. in 2001 [6], un-
equivocally confirming Veselago’s decades-old prediction
and launching the modern field of metamaterials.

D. Dispersion and Resonant Nature

A fundamental feature of metamaterials is that they
are inherently dispersive, meaning their electromagnetic
response depends strongly on frequency. This originates
from the resonant behavior of their unit cells, such as
split-ring resonators (SRRs) and metallic wires. Around
resonance, the effective parameters eee(w) and prefr(w) can
vary rapidly, even changing sign and enabling unusual
effects such as negative refraction.

The frequency dependence of these parameters can
be modeled using the Drude-Lorentz formulation. For
instance, the effective permittivity can be expressed as

wQ

p
= €0~ 5 . . 6
() = e~ gt ©)
where w,, is the plasma frequency, « is the damping
factor, and e, is the high-frequency permittivity limit.
Similarly, the permeability of resonant structures can be
described by

Fw?
w? —wg +ilw

plw) =1- )

with wp the resonance frequency, F' the oscillator
strength, and I' the magnetic loss factor. These relations
clearly show how strong dispersion and narrowband effects
arise from the resonance.

Loss Mechanisms: Despite their unique capabilities,
metamaterials suffer from significant energy losses:

e Ohmic losses: Due to the finite conductivity of
metals forming the resonators. The induced currents
in metallic elements lead to resistive heating and
energy dissipation, particularly problematic at optical
frequencies where metals act as lossy plasmas.

o Dielectric losses: Caused by the polarization re-
sponse of the substrate or host medium. Under os-
cillating electric fields, part of the wave energy is
absorbed by the dielectric material, further limiting
performance.

These dispersive and lossy behaviors, while enabling
exotic electromagnetic effects, also represent one of the
central challenges for the transition of metamaterials from
laboratory demonstrations to real-world applications [8].

III. CLASSIFICATION

A. 3D Bulk Metamaterials

Bulk metamaterials form the foundational class of arti-
ficial media, engineered as three-dimensional periodic ar-
rays of subwavelength unit cells. Since the unit cell dimen-
sions are much smaller than the wavelength, the structure
can be treated as a homogeneous effective medium with
macroscopic permittivity e.g and permeability e [13],
[14].

1) Negative-Index Metamaterials (NIMs): Negative-
Index Metamaterials (NIMs) realize Veselago’s theoretical
predictions of a negative refractive index. They typically
combine two key resonant elements:

« Split-Ring Resonators (SRRs): Subwavelength LC
circuits that create an artificial magnetic response.
A time-varying magnetic field induces circulating
currents, producing a resonant magnetic dipole and
negative jig near resonance [3].

Fig. 4: Split-Ring Resonator (SRR)

o Wire Arrays: Periodic thin metallic wires act as an
artificial plasma, providing frequency bands where
€qff 1S negative [15].

g8 5

Fig. 5: Wire Array

The combination of SRRs and wire arrays enables a
medium where both e and peg are negative simulta-
neously [6], giving rise to reverse Snell’s law, backward
waves, and reversed Doppler and Cherenkov effects.

Wire

Split-ring

resonators board

Fig. 6: Split-Ring Resonator (SRRs) with Wire Arrays to
make both .y and p.yr negative



2) Hyperbolic Metamaterials (HMMs): Hyperbolic
Metamaterials (HMMs) exploit extreme anisotropy. The
permittivity tensor has components of opposite signs:

6“'6J_<O ®)

where ¢ and €, are the permittivity along and per-
pendicular to the optical axis. This leads to hyperbolic
dispersion, allowing propagation of high-k£ waves that
are evanescent in conventional media. HMMs are used
for sub-diffraction imaging (hyperlenses) and enhanced
spontaneous emission.

3) Chiral Metamaterials: Chiral metamaterials consist
of meta-atoms with handedness (twist or spiral shapes),
producing optical activity and circular dichroism. Unlike
NIMs and HMMs, chirality—not negative index—is their
defining property. They can rotate the polarization of
light and support asymmetric transmission, making them
useful for polarization control, sensing, and nonreciprocal
devices [16].

4) Photonic Crystals: Photonic crystals are periodic
dielectric or metallic structures that create photonic
bandgaps, preventing propagation of specific frequencies
via Bragg scattering. Unlike resonant NIMs or anisotropic
HMMs, their unusual behavior comes from lattice pe-
riodicity rather than local resonances. Photonic crystals
are widely used for waveguides, optical filters, and cavity
QED applications [17].

Fig. 7: Photonic Crystal Lattice

B. 2D Metamaterials: Metasurfaces

The fabrication challenges and high losses of 3D bulk
metamaterials, especially at optical frequencies, motivated
the development of their 2D counterparts: metasurfaces.
These are ultra-thin, planar arrays of subwavelength scat-
tering elements (nano-antennas) designed to control the
amplitude, phase, and polarization of electromagnetic
waves at an interface.

Unlike bulk metamaterials, metasurfaces do not rely
on phase accumulation through propagation. Instead, they
impose abrupt, localized phase shifts on the wavefront
at the interface. By carefully designing the geometry
and orientation of the nano-antennas, a metasurface can
shape the wavefront according to the generalized laws of
reflection and refraction [18].

Fig. 8: A metasurface uses a spatially varying array
of nano-antennas to impose a discontinuous phase shift
®(x,y) on an incident wavefront, enabling wavefront
shaping (e.g., beam steering, focusing) without a bulky
medium.

This is described by the Generalized Snell’s Law:

. . Ao dP
sin(d,.) — sin(6;) = F(;%, ©))
ngsin(6;) — n;sin(f;) = ;—OZ—(I), (10)
7 dx

where 0;, 0,., and 6, are the angles of incidence, reflection,
and transmission, Ay is the free-space wavelength, and
d®/dzx is the phase gradient along the interface.

1) Design Methodologies: Two main approaches
achieve the full 27 phase coverage:

« Resonant Phase: Exploiting the rapid phase change
near the resonance of a plasmonic or dielectric nano-
antenna.

« Geometric (Pancharatnam-Berry) Phase: Rotating
anisotropic elements (e.g., rods, V-shaped antennas)
by angle « to produce a phase shift 20c, where o is
the spin of circularly polarized light. This method is
broadband and independent of resonance [19].

2) Advantages and Applications: 2D metasurfaces offer

several benefits:

« Simpler Fabrication using standard planar nanofab-
rication (e.g., E-beam lithography).

« Lower Ohmic Losses, especially in all-dielectric

designs.

+ Enhanced Light-Matter Interaction at the
nanoscale.

« Easy Integration into photonic and optoelectronic
systems.

These features have enabled flat optics, allowing meta-
surfaces to replace bulky optical components:

« Metalenses for focusing and imaging [20].

« Holograms to generate complex wavefronts.

« Vortex Phase Plates for orbital angular momentum.
« Polarization Controllers (e.g., quarter-wave plates).



o Beam Steering for LIDAR and communication sys-
tems.

By integrating multiple optical functions into a single
layer, metasurfaces enable miniaturized photonic devices
such as compact cameras and wearable optics.

C. Acoustic and Elastic Metamaterials

The principles of metamaterials—subwavelength struc-
turing to manipulate waves—extend beyond electromag-
netism to sound and mechanical waves. Acoustic meta-
materials control pressure waves in fluids, while elastic
metamaterials manage solid mechanical waves, including
both longitudinal and shear modes. These materials enable
precise control over vibration, noise, and acoustic energy.

1) Operating Principles and Key Structures: Acoustic
and elastic waves differ from electromagnetic waves in
nature, requiring specialized designs to achieve negative
effective parameters:

o Negative Effective Mass Density: Achieved using
locally resonant structures. A common design is a
hollow rubber-coated sphere in a fluid or epoxy
matrix. The internal cavity and coating produce a
strong local resonance. Near resonance, the oscil-
lator’s motion can oppose the external force, giving
a negative effective mass density [7].

o Negative Effective Modulus: Realized with side-
loaded Helmholtz resonators. The air in the neck acts
as a mass, and the cavity as a spring. At resonance,
the effective bulk modulus can become negative.

« Subwavelength Control: The unit cell size must
remain smaller than \/5 to ensure effective medium
behavior and avoid Bragg scattering.

2) Notable Implementations and Applications: Tailored

effective parameters have enabled remarkable applications:

o Acoustic Cloaking: Guiding waves around objects to
make them invisible to sonar [21].

o Superlenses and Hyperlenses: Focusing sound be-
low the diffraction limit for medical ultrasound and
non-destructive testing.

o Noise Insulation and Absorption: Blocking low-
frequency sound with compact panels. Membrane-
type and holey metamaterials are especially effec-
tive [22].

« Elastic Wave Control: Vibration isolation in build-
ings, vehicles, or sensitive equipment, and directional
waveguiding via topological elastic metamaterials.

o Energy Harvesting: Concentrating mechanical vi-
brations onto piezoelectric elements for efficient en-
ergy conversion.

Although fabrication and broadband performance re-
main challenges, acoustic and elastic metamaterials pro-
vide a powerful toolkit for sound and vibration control,
with applications in healthcare, automotive, aerospace, and
consumer electronics.

D. Active and Tunable Metamaterials

Traditional metamaterials have a static response once
fabricated. Active metamaterials overcome this limitation
by integrating tunable or nonlinear elements, enabling

real-time control of their electromagnetic properties using
external stimuli. This makes them suitable for adaptive
devices, smart systems, and enhanced light-matter inter-
action.

The principle is to embed materials whose electronic
or optical properties can be modulated externally. This
changes the resonant behavior of the meta-atoms (e.g.,
shifting resonance frequency, altering damping, or phase),
which in turn tunes the effective parameters (e, flefr) Of
the whole medium.

1) Tuning Mechanisms: The main tuning strategies
include:

e Electronic Tuning: Incorporating semiconductors
(diodes, transistors) or graphene. Applying a bias
voltage changes the carrier density, shifting resonance
or modulating transmission/reflection. Provides high-
speed control (MHz—GHz) [9].

o Optical Tuning: Using photoconductive materials
or photoisomerization. Laser illumination generates
free carriers, shifting optical properties for wireless,
remote control.

e Thermal Tuning: Using phase-change materials
(VO,, GST). Heating changes their phase (insulator
<> metal or crystal structure), producing strong, non-
volatile property changes [23].

¢ Mechanical Tuning: Reconfiguring the structure via
MEMS or flexible substrates. Stretching or bending
alters capacitive/inductive coupling, giving a wide
tuning range, especially at microwave and THz
frequencies.

2) Applications and Outlook: Active metamaterials en-
able:

« Reconfigurable Intelligent Surfaces (RIS): Pro-
grammable metasurfaces for dynamic wireless prop-
agation (6G networks).

o Adaptive Optics: Tunable metalenses and spatial
light modulators without moving parts.

+ Smart Camouflage and Display: Surfaces with dy-
namically controlled radar or optical properties.

o Advanced Sensing and Modulation: Tunable ab-
sorbers and high-speed optical modulators.

Challenges include reducing losses, improving effi-
ciency, increasing tuning speed, and implementing reliable
control. Despite this, active control is now essential to
move metamaterials from lab demonstrations to real-world
technologies.

E. Topological Metamaterials

Topological metamaterials represent a cutting-edge class
of materials inspired by topological insulators in con-
densed matter physics. They are designed to support
robust edge states that allow waves to propagate along
boundaries without scattering from defects, disorder, or
sharp bends [11]. This property, known as topological
protection, arises from global features of the bulk band
structure called topological invariants, such as the Chern
number. The bulk-boundary correspondence ensures that
a nontrivial bulk invariant leads to unidirectional edge
modes at the interface with a trivial material.



1) Platforms and Realizations: Topological concepts
have been applied across classical wave systems:

« Photonic Topological Insulators (PTIs): Realized
using gyromagnetic materials under magnetic bias
(breaking time-reversal symmetry) or bianisotropic
metamaterials for quantum spin-Hall analogues with-
out external fields.

« Acoustic Topological Insulators (ATIs): Imple-
mented via resonator lattices or circulating fluids to
create robust, backscattering-free sound transport.

« Elastic Topological Insulators: Mechanical metama-
terials that guide vibration and elastic waves along
edges, useful for vibration control and precision sens-
ing.

2) Applications and Outlook: Topological metamateri-

als enable:

« Robust waveguides and cavities for light, sound,
and mechanical waves, essential in integrated pho-
tonics, quantum information, and sensing.

« Emerging devices: Topologically protected lasers,
non-reciprocal components (isolators, circulators),
and robust optical circuits.

Future directions include achieving topological pro-
tection at optical frequencies, exploring 3D topological
phases, integrating non-Hermitian or nonlinear effects, and
bridging theory with practical devices.

IV. APPLICATION DOMAINS
A. Telecommunications and Antennas

The telecommunications industry, driven by the demand
for higher data rates, larger bandwidth, and compact de-
vices, has greatly benefited from metamaterial technology.
Metamaterials enable unprecedented control over electro-
magnetic waves, allowing devices that are smaller, more
efficient, and more versatile than conventional designs.

A key application is miniaturized antennas and
waveguides. Normally, reducing antenna size compro-
mises bandwidth and efficiency. Metamaterials overcome
this by controlling wave propagation with engineered
structures, enabling subwavelength cavities and compact
radiators without sacrificing performance [24]. Further-
more, metasurface-based waveguides can confine and
guide waves with lower loss and unusual bending capa-
bilities, allowing dense integration in circuit boards and
chips [25]. These antennas often leverage planar meta-
surfaces (2D metamaterials) for compactness, while 3D
bulk metamaterials are used in specialized high-power or
low-frequency applications.

Metasurface antennas represent a transformative appli-
cation. These planar, low-profile surfaces can dynamically
shape electromagnetic radiation patterns through software
control, a functionality known as beam steering. By
electronically tuning the individual meta-atoms (e.g., using
varactor diodes or MEMS switches), the phase profile of
reflected or transmitted waves can be reconfigured in real-
time. This enables agile beams that track users in mobile
networks (5G/6G) or satellites in low-earth-orbit (LEO)
constellations without moving parts, providing a major im-
provement over traditional phased arrays [10], [24]. This

principle underpins Reconfigurable Intelligent Surfaces
(RIS), which dynamically control wireless propagation
environments.

Other notable applications include:

« Enhanced Filters and Diplexers: Metamaterial-
based filters with superior selectivity and miniatur-
ization for separating communication bands.

« Isolators and Circulators: Using magnetically bi-
ased or active metamaterials to create non-reciprocal
devices, protecting transmitters from back-reflected
power.

o Improved Amplifiers: Metamaterial structures that
manage harmonic distortion and improve power am-
plifier efficiency.

The integration of metamaterials and metasurfaces is not
merely incremental; it represents a foundational shift in
RF system design, paving the way for adaptive, software-
defined networks of the future.

B. Optics and Photonics

Metamaterials have profoundly impacted optics and
photonics, enabling unprecedented control over light-
matter interactions. This has led to groundbreaking effects
such as sub-diffraction imaging, invisibility cloaking, and
the emergence of flat optics via metasurfaces.

One of the most notable theoretical applications is the
superlens, proposed by Pendry [4]. A slab of negative-
index material can, in principle, focus both propagating
and evanescent waves, capturing sub-diffraction spatial de-
tails that decay in conventional systems. This allows imag-
ing beyond the diffraction limit. While losses limit prac-
tical superlenses, related devices like the hyperlens [26]
convert evanescent waves into propagating ones, magnify-
ing subwavelength features for detection by conventional
microscopes.

Another prominent application is electromagnetic
cloaking, which guides light around an object so the wave-
front emerges undisturbed. This requires metamaterials
with spatially graded optical properties to precisely control
light paths. Early microwave demonstrations [5] validated
the concept, though broadband optical cloaking remains
challenging.

A major practical advancement is metasurfaces [9], 2D
versions of metamaterials that simplify fabrication and
miniaturize optical components. Single layers of nanos-
tructured antennas can impose local, discontinuous phase
shifts on incident light, enabling ultra-thin, planar devices:

o Metalenses: Flat lenses that focus light without
bulky glass, used in cameras, microscopy, and en-
doscopy [25].

o Holography: High-resolution holographic images for
displays, data storage, and security.

« Structural Color: Resonance-based colors that re-
place chemical dyes for imaging, displays, and anti-
counterfeiting.

By consolidating multiple optical functions into a single
layer, metasurfaces are enabling miniaturized and inte-
grated photonic devices for the next generation of optics.



C. Microwave and Terahertz Systems

Metamaterials are well-suited for microwave and tera-
hertz (THz) applications. They enable the creation of com-
pact, efficient, and controllable devices that are difficult to
make with conventional technology.

A key application is the design of perfect metamaterial
absorbers. These devices are engineered to achieve near-
unity absorption within a specific frequency band by
matching their properties to open space, which mini-
mizes reflection. Unlike traditional absorbers, they can be
extremely thin and customized for specific frequencies.
This makes them invaluable for reducing radar signatures
in stealth technology and for blocking electromagnetic
interference (EMI).

The transition to active and programmable metama-
terials has enabled real-time control. By integrating elec-
tronic components like diodes, researchers have created
surfaces whose response can be reconfigured. This is the
basis for modern Reconfigurable Intelligent Surfaces
(RIS) used in 5G and 6G networks, which can dynamically
steer and focus wireless signals to improve communica-
tion.

Other applications include high-performance filters,
compact polarizers, and metamaterial-inspired waveg-
uides. At THz frequencies, metamaterials are essential
for creating functional components like modulators and
switches, filling a critical technological gap.

D. Biomedical Applications

Metamaterials offer innovative solutions for medical
imaging, sensing, and diagnostics by enhancing the in-
teraction of waves with biological tissues.

A promising area is enhancing Magnetic Resonance
Imaging (MRI). Metamaterials can be used as passive
field concentrators to boost the local magnetic field, which
improves the signal-to-noise ratio (SNR) of images. This
can lead to clearer images and faster scan times.

In optical imaging, the hyperlens uses metamaterials to
overcome the diffraction limit. This allows for magnified,
super-resolution imaging of tiny biological specimens,
such as viruses, with a conventional microscope.

Beyond imaging, metamaterials are used in biosensing.
These sensors function as resonant structures whose fre-
quency shifts when a target analyte, like a protein or virus,
binds to them. This provides a highly sensitive, label-free
way to detect disease biomarkers.

The future of medical metamaterials lies in the devel-
opment of miniaturized, implantable, and biocompatible
devices for targeted therapy and continuous monitoring.

E. Acoustic Applications

Metamaterials have been successfully extended to the
domain of acoustics, enabling new ways to control sound
and vibration. Acoustic metamaterials use specially de-
signed resonators to achieve properties like negative mass
density, which are not found in nature.

One of the most impactful applications is in low-
frequency noise isolation. Unlike thick and heavy con-
ventional sound absorbers, acoustic metamaterials use

local resonances to create band gaps, which are frequency
ranges where sound cannot propagate. This allows them
to block noise effectively while being much thinner and
lighter.

Another striking application is sound cloaking, which
guides sound waves around an object to render it acousti-
cally invisible. While challenging, the principles have been
successfully demonstrated for narrow frequency bands.

Other significant applications include:

e Acoustic Focusing: Creating flat lenses that can
focus sound with subwavelength resolution for im-
proved ultrasound imaging.

o Vibration Control: Using elastic metamaterials to
suppress vibrations in civil structures and machinery.

The field continues to evolve rapidly, with current
research focusing on active and tunable systems for more
sophisticated sound control.

F. Energy and Environmental Applications

Metamaterials are emerging as powerful tools to address
global energy challenges by engineering materials with
tailored absorption, emission, and transmission properties.

A primary focus is on enhancing solar energy harvest-
ing. Metamaterial absorbers can be designed to efficiently
capture light across the solar spectrum into an ultra-thin
active layer, which increases the absorption efficiency of
solar cells. Metamaterials are also being explored for
thermophotovoltaics (TPV), where a material converts
waste heat into usable light for electricity generation.

Equally significant is the application of metamaterials in
passive radiative cooling. These surfaces are engineered
to reflect sunlight while radiating heat away into space.
This allows a surface to cool below the ambient air tem-
perature with zero energy input, which could significantly
reduce the energy needed for air conditioning.

Other promising applications include:

o Energy Harvesting from Ambient Radiation: Con-
verting ambient microwaves (e.g., from Wi-Fi) into
electricity for low-power electronics.

o Thermal Camouflage: Dynamic surfaces that can
control their thermal emission signature in real-time.

The integration of tunability promises a new generation
of smart, adaptive systems that can respond to environ-
mental changes, maximizing energy efficiency and paving
the way for a more sustainable future.

V. RECENT ADVANCES AND RESEARCH TRENDS

Metamaterials are evolving rapidly, moving beyond
static, passive structures toward dynamic, intelligent, and
integrated systems. Recent progress is driven by advances
in fabrication, active control, topological physics, and
artificial intelligence.

A. Advanced Fabrication and Additive Manufacturing

Traditional top-down methods like electron-beam
lithography are slow and limited to 2D patterns. Addi-
tive manufacturing (AM) enables rapid prototyping of
complex 3D meta-atoms with multi-material capability.
Techniques include:



o Two-Photon Polymerization (2PP): Nanoscale op-
tical metamaterials.

« Stereolithography (SLA) and Inkjet Printing:
Larger-scale acoustic and microwave metamaterials.

These methods allow fabrication of bulk negative-index
materials, complex phononic crystals, and customized
biomechanical implants, bridging theory and practice [11].

B. Active, Tunable, and Programmable Metamaterials

Dynamic metamaterials can be reconfigured in real time.
Key technologies include:

« Phase-Change Materials (PCMs): GST and VO,
switch optical properties upon thermal or optical
stimuli.

o Graphene: Tunable conductivity for fast modulators
and absorbers at THz frequencies.

« MEMS: Mechanical reconfiguration of meta-atoms
for wide-range tuning.

This enables software-defined metamaterials and Recon-
figurable Intelligent Surfaces (RIS) controlled by FPGA
for next-generation wireless communications [10], [27].

C. Topological Metamaterials

Inspired by topological insulators, these metamaterials
possess topologically protected edge states, allowing
light or sound to flow around defects and sharp bends
without backscattering. Applications include fault-tolerant
optical circuits, robust routers, and resilient sensors in
photonics and acoustics [11].

D. Al and Machine Learning for Inverse Design

Traditional metamaterial design relies on iterative sim-
ulations. Al and ML enable inverse design: the desired
response is specified, and algorithms (e.g., deep neural
networks or GANs) discover optimal structures. This ac-
celerates the development of multifunctional metasurfaces
and super-absorbers, often yielding counter-intuitive, high-
performance designs [12].

These trends are transforming metamaterials from lab-
oratory curiosities into practical technologies for com-
munication, computing, and sensing. Integrating Al, pro-
grammability, topological protection, and advanced fabri-
cation is shaping the next generation of metamaterials.

VI. CHALLENGES AND FUTURE PERSPECTIVES

Despite remarkable advances, translating metamaterials
from laboratory demonstrations to widespread commercial
use faces persistent challenges. Overcoming these limita-
tions is central to the field’s next decade of progress.

Persisting Challenges

o Fabrication and Scalability: Optical metamaterials
often require nanoscale precision, relying on costly,
low-throughput methods like electron-beam lithogra-
phy. Scaling to mass production while preserving fi-
delity remains difficult. Alternatives include nanoim-
print lithography for high-throughput patterning and

colloidal self-assembly for large-area periodic struc-
tures [8].

o Ohmic and Dielectric Losses: Metallic components,
especially in plasmonic metamaterials, suffer Ohmic
losses that dissipate energy as heat, damping reso-
nances. Solutions include all-dielectric metamate-
rials (high-index, low-loss semiconductors like Si
and TiO,) and, for extreme cases, superconducting
metamaterials at cryogenic temperatures.

o Narrow Operational Bandwidth: Many meta-atoms
are inherently resonant, limiting broadband perfor-
mance. Dispersion engineering, multi-resonant unit
cells, and non-resonant phase-shifting structures are
active areas to achieve achromatic and broadband
responses [10].

o Multifunctional and Multi-physics Integration:
Current designs often serve a single function in one
domain (optics, acoustics, etc.). Future systems will
integrate responses across electromagnetic, acoustic,
elastic, and thermal domains, requiring advanced
multi-scale modeling and novel material synthesis
[11].

Emerging Future Directions

Research addressing these challenges is opening new
frontiers:

e Quantum Metamaterials: Meta-atoms coupled as
quantum elements (qubits) for quantum simulators,
ultra-sensitive sensors, and quantum light-matter con-
trol.

« Bio-Integrated and Biodegradable Metamaterials:
Flexible, biocompatible, or transient devices for wear-
able health monitors, implantable biosensors, and
eco-friendly applications.

« Intelligent Metasystems: Programmable metamate-
rials combined with embedded sensing and machine
learning to create autonomous ’smart” surfaces that
adapt in real time.

o Large-Scale, Field-Deployable Metasurfaces: Mov-
ing from wafer-scale to square-meter-scale metasur-
faces for solar energy, RIS in communications, and
thermal management.

In conclusion, while hurdles remain, metamaterials are
transitioning from exotic physics demonstrations to prac-
tical, transformative technologies. Success will require
interdisciplinary collaboration between material scientists,
physicists, electrical engineers, and computer scientists to
unlock their full potential.

VII. CONCLUSION

Metamaterials represent a paradigm shift in materials
science, demonstrating that a material’s electromagnetic,
acoustic, and mechanical properties can be engineered
through structure rather than chemical composition alone.
This review has traced the field’s evolution, from Vese-
lago’s theoretical vision of negative-index media [2] to
the first experimental demonstrations of left-handed meta-
materials [5], [6], and onward to today’s era of dynamic,
programmable, and intelligent systems [10].



Metamaterials and their two-dimensional counterparts,
metasurfaces, have transformed diverse technological do-
mains. They enable unprecedented wave control, lead-
ing to miniaturized antennas in telecommunications, su-
perlenses and cloaking devices in optics, sub-diffraction
imaging in biomedicine, and efficient noise isolation in
acoustics. The integration of topological concepts has un-
locked robust, defect-immune waveguiding, while artificial
intelligence is accelerating the discovery of novel designs
beyond human intuition.

Despite these advances, commercialization faces chal-
lenges, including fabrication scalability, Ohmic losses,
narrow operational bandwidth, and multifunctional inte-
gration. Promising solutions include all-dielectric and su-
perconducting platforms, advanced additive manufacturing
techniques, and Al-driven inverse design.

Looking forward, metamaterials are poised to move
from laboratory demonstrations to enabling next-
generation technologies. Emerging frontiers—quantum
metamaterials, bio-integrated systems, and large-scale
intelligent metasurfaces—point toward a future where
material functionality can be dynamically programmed
on demand. In summary, the journey from theoretical
curiosity to transformative technology is well underway,
and metamaterials continue to offer a versatile toolkit
for shaping wave-matter interactions across the physical
spectrum.
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