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Abstract

Development of microwave metamaterials is at an exciting moment, where the use and design of
metamaterials is spreading from the antennas and electromagnetics communities and increasingly
being used by communications, control and systems engineers. This is driven by exciting applications
such as Reconfigurable Intelligent Surfaces (RIS) and steerable satellite antennas, but presents
challenges in terms of knowledge exchange, technology translation and production scale-up. This
roadmap brings together contributions from academia, government and industry across the UK to
map the state-of-the-art, draw key challenges still to be solved, and set out recommendations for the
next steps in fundamental and applied research. This is part of a joint benture by the UK
Metamaterials Network and the Institute of Physics to map the whole breadth of research covered by
the umbrella term “metamaterials”.
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1. Introduction
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Commonly, the electromagnetic properties of a microwave metamaterial are defined by its
structure rather than by its chemical composition. Due to the nature of microwaves — electromagnetic
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radiation at frequencies between 300 MHz and 300 GHz — metamaterials are usually composed of a
combination of conductive and dielectric materials, with subwavelength patterns defining how a
wave interacts with it. A metamaterial which is very thin with respect to the operating wavelength is
usually referred to as a metasurface. This roadmap focusses on microwave metasurfaces due to
wavelengths being in the order of cm, most emerging applications utilise electrically thin structures
rather than thicker, 3 dimensional materials.

While the term “metamaterial” was first coined around the turn of the last millennium [1] (with
“metasurface” following soon after), antennas engineers have been designing engineered structures
which would now be called metasurfaces since at least the work of Ben Munk in the 1970s [2], and
with the broadest definitions since artificial dielectric lenses were developed by Winston E. Kock at
Bell Telephone Laboratories in the 1940s [3]. This historic link to telecommunications means similar
techniques are used at lower frequencies, so this roadmap also includes metasurfaces for other
wireless applications.

It is currently a very exciting time for microwave and wireless metasurfaces. While engineered
structures such as frequency selective surfaces and high impedance surfaces have long been used for
specialist applications such as radomes and low-profile antennas, particularly in the defence sector,
we are now starting to see metasurface products more widely available. This is largely driven by
telecommunications, particularly steerable antennas for satellite communications. Meanwhile, since
2019 there has been an explosion of interest in metasurfaces from the wireless communications theory
community due to the concept of Reconfigurable Intelligent Surfaces (RIS, also formerly called Large
Intelligent Surfaces or Intelligent Reflecting Surfaces) — metasurfaces which can vary the reflected
phase from many independently controlled elements, enabling some control of the wireless
propagation channel. This transition from people working with metasurfaces being electromagnetics
scientists or engineers, to communications and systems engineers, presents new challenges in terms
of knowledge exchange, technology translation and production scale-up.

As such, it is timely to bring together a roadmap giving an overview of microwave and wireless
metasurface research in the UK. This is part of a joint venture by the UK Metamaterials Network and
the Institute of Physics to map the whole breadth of research covered by the umbrella term
“metamaterials”. We seek to provide both a snapshot of current research, and begin to chart a way
forward for researchers and policy makers to overcome the barriers to fully exploiting the
opportunities of microwave metasurfaces.

In this roadmap, we combine eight contributions from a mixture of universities, government
agencies and industrial researchers across the UK. They broadly fit into three cross-cutting themes: i)
Applications, discussing the sectors where we anticipate microwave metasurfaces will have the most
impact, in particular telecommunications, healthcare and defence; ii) Fundamental science, to capture
emerging research which may have impact across many sectors; and iii) Practical concerns, which
covers the issues faced as metasurfaces move into mass production, including manufacturing,
measurement and system-level integration.

By doing this we can begin to draw key themes about the current state of metasurface research
and the key challenges still to be solved. There are scientific challenges remaining, such as the
fundamental bandwidth limitations of most metasurfaces due to their resonant behaviour, though
some non-resonant structures are now emerging. Similarly, metasurface behaviour is still often
heavily contingent on the incident angle of the electromagnetic wave to the material, limiting their
usefulness in many applications. Reconfigurability is also often desirable, partly to overcome
bandwidth limitations, but combining fast tuning with low losses is still an open challenge,
particularly at higher frequencies. There are also practical challenges, such as the need for
metasurfaces to maintain performance across a product lifetime. This is particularly important in
challenging environments such as healthcare, where biocompatibility is important, and defence.
Similarly, sustainability and disposal should be considered at the end of the material’s life cycle.
Metasurface properties are also particularly sensitive to variations due to manufacturing tolerances,
making reliable mass production difficult. The greatest challenges, though, are in integrating
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metasurfaces into products and systems — both integration into processes for manufacture, assembly,
maintenance and disposal of products; and, for reconfigurable metasurfaces such as RIS, integration
into control algorithms, security protocols, site licensing legalities and more. It is particularly
important to remember that the control complexity of reconfigurable metasurfaces scales with the
number of independently controlled elements, and compute is often a limited resource.

In response to current challenges and research gaps, researchers are identifying possible future
solutions extending beyond current state-of-the-art and pushing boundaries. Machine Learning and
Artificial Intelligence are common themes across the contributions, potentially simplifying design
procedures, proposing new structures to research, assessing robustness to manufacturing tolerances
and providing real-time adaptability. Additive manufacturing is also frequently mentioned as a
method for producing metasurface structures, though care should be taken to understand the limits
to scaling up such approaches. Integration of metasurface fabrication into existing mass production
methods, such as roll-to-roll processing, may be a more scalable approach. New kinds of constituent
materials, such as flexible, transparent and biocompatible dielectrics and conductors, also offer
opportunities for medical and conformal metasurfaces. Finally, new metasurface types and control
mechanisms, such as nonlinear surfaces and mechanical reconfiguration, offer new solutions to
underlying physical problems.

The following contributions explore these ideas in depth and provide a snapshot of a diverse
and excellent research activities in microwave and wireless metasurfaces for both specialists and
people newly interested in the area within the UK and globally. We aim for this roadmap to act as a
useful primer on the potential of metasurface technology, and give direction to attempts at solving
the remaining challenges.

[1] Walser RM, “Electromagnetic metamaterials” Lakhtakia A, Weiglhofer WS, Hodgkinson IJ,
editors. Complex Mediums II: Beyond Linear Isotropic Dielectrics. July 2001

[2] Munk BA, Burrell GA, Kornbau TW, ” A general theory of periodic surfaces in stratified media,”
Tech. Rept. 784346-1, Ohio State Univ. ElectroScience Lab., Dept of Electrical Eng., prepared
under contract AFAL-TR-77-219, Nov. 1977

[3] W.E. Kock, "Metal-Lens Antennas," in Proceedings of the IRE, vol. 34, no. 11, pp. 828-836, Nov.
1946

2. Metasurfaces for 5G+ Wireless Communications

Fraser Burton, Aaron Walker and Yangyishi Zhang
Applied Research, British Telecom (fraser.burton@bt.com)

Status

Wireless connectivity is fundamental to modern society. For example, over 92% of internet
access occurs via mobile devices[1]. Mobile data traffic grows exponentially requiring wireless
technologies to be smarter, more reliable and more intelligently engineered.

As the demand for better connectivity grows, fundamental limitations appear due to the
inherent nature of wireless communication. Wireless environments are generally treated as an
uncontrollable medium that can only be described statistically. Sophisticated processing methods are
used to compensate for the uncertain variation in a signal during its transit between transmitter and
receiver. This processing requires complex hardware, adding cost and latency and consuming power.
Higher frequency transmission supports higher data rates but leads to greater attenuation and
shadowing. This reduces the coverage area of a transmitter and increases the energy demand of
network infrastructure.

Microwave metamaterials, specifically programmable metasurfaces, can provide an innovative
and energy-efficient solution to these emerging challenges. The goal is to “programme the wireless
environment” through the use of reconfigurable intelligent surfaces (RIS), capable of redirecting a
wireless signal, allowing it to travel around obstacles within the environment and refocus the faint
signals gathered over a large surface precisely towards the target mobile device — significantly
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enhancing the signal strength in the process. A RIS comprises a number of repeating elements called
unit cells or meta-atoms, each capable of steering and shaping the reflected or transmitted
electromagnetic waves. A large number of these unit cells placed together within a surface allows RF
beam steering, polarisation control and signal amplification to be achieved without the requirement
of complex signal processing hardware — enabling operation with a close to zero power usage.
Numerous RIS-enabled use cases have been identified [2-5] ranging from those providing not-spot
coverage in urban or rural areas through to RIS-assisted physical layer security.

The development of RF and microwave metasurface technology has great potential for the
current 5G wireless communications network and beyond. To date, wireless systems have been
operated under the assumption that a wireless channel is intrinsically unpredictable. With the
introduction of programmable metasurfaces[6], this long-standing view can be challenged,
revolutionising the way future generations of wireless communications networks are designed and
implemented. The objective is that reconfigurable metasurfaces will provide greater coverage,
connectivity and spectral efficiency across the wireless network, particularly within urban and rural
areas, whilst operating at a fraction of the energy consumption of current 5G wireless technologies.

(a) Standard reflecting surface (b) Reconfigurable intelligent surface

Figure 1. Basic operation of a reconfigurable intelligent surface [7].

Current and Future Challenges

An RF metasurface can have a wired RF feed and act as a transmitter. If it has a wireless RF feed
it can be RF passive or include RF amplification. It can operate in both reflection and transmission
with paths having different RF feeds. The term RIS most commonly applies to an RF-passive surface
operating in reflection. RIS face several fundamental technical challenges before they can be adopted
for widespread use to shape the external electromagnetic environment:

1. The computational complexity of RIS configuration grows rapidly with the number of unit cells
and the number of end-users. As a RIS needs a large aperture to capture an incident RF beam
and reduce diffraction at the edges, it can consist of thousands of unit cells. With increased
number and mobility of end users, a high latency degrades beamforming and beamsteering
performances. We propose further work is needed on the implementation of efficient RIS control
algorithms to address the complexity/ latency/ performance trade-off.

2. The basic RIS excludes sensing, so additional functionality is needed to localise users and
estimate the channel state information, which adds further computational latency. We propose
further work is needed to explore how sensing can be implemented within a RIS and the impact
this could have on the complexity/ latency/ performance trade-off.

3. When a mobile operator uses licensed spectrum, it is a licence condition to avoid interference in
the adjacent frequency bands licensed to other operators. Out-of-band interference must be
avoided in any multi-operator deployments. We propose further work is needed to design a unit
cell response that only operates within tightly defined frequency bands.
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4. A RISis designed to capture as much of the incident RF signal as possible and direct this to the
estimated location of end-users. In a multi-user scenario with limited user co-scheduling, any
users that are not in the estimated locations to which RF beams are steered will necessarily
receive significantly reduced signal. By extension, since RIS is usually designed to be opaque
and as reflective as possible, it will also necessarily shadow any users that are located behind it.
We propose further work is needed on multi-functional surfaces [10] that minimise the impact
of the RIS on users that are not interacting with the RIS.

5. A RIS can be considered as a form of two-dimensional grating or as a diffraction pattern. As
such, there will be a reflected main beam and also spurious reflected side lobes that will need to
be minimised using a greater number of unit cells and more complex configurations. We propose
further work is needed on RIS design to minimise spurious side-lobes.

6. Integrating a RIS within a network as a new network component will need unique
authentication, security, control data links and power supply. We propose further work is
needed on the top-down system-level aspects of RIS operation, specifically addressing
convergence between current standards-driven requirements (11,12,13] and the less mature
technical demonstration [14-16].

Advances in Science and Technology to Meet Challenges
These challenges can all be addressed with a variety of promising technical advances:

e If a RIS is to be used in a multi-operator location, out-of-band interference can be avoided by
designing the unit cell resonant response to be narrowly confined within the licensed spectrum.
Careful iteration of the metallisation pattern, diode placement, substrate layers and cell crosstalk
is a time-consuming activity requiring EM Solver software and considerable patience.

e A RIS is certainly a low power device compared to a conventional 5G antenna array.
Nevertheless, the PIN diodes or varactor used in the unit cell design need switching voltages to
be controlled and then maintained, which consumes power. The RIS controller can itself also
consume significant power so FPGA solutions are required to minimise power consumption.

e  As an alternative or addition to purely electronic phase control using diodes in the unit cell, a
RIS can use actuators to physically morph its shape, at both the unit cell level and also across the
whole RIS. This can augment the range of electronic phase control, reduce the power
consumption when the RIS is in a fixed configuration and also enable a conformal surface.

e Numerous physical mechanisms can be used to switch the phase response of a RIS. A RIS does
not necessarily need to use diode-based electronic control. Electrically controlled surfaces can be
switched very fast but tend to be lossy. Mechanically controlled surfaces tend to be slow to
reconfigure. Optically controlled surfaces[8] offer the potential to switch rapidly with low loss
and so could be good solutions where high-speed user tracking is required.

¢ A holographic antenna can be produced by placing surface wave launchers on to a surface with
an imposed diffraction pattern, thereby producing a directed leaky-wave antenna. This is
effectively the RF-active counterpart of an RF-passive RIS, since both are based on a
reconfigurable surface and produce steerable RF beams, either directly or indirectly. Passive and
active metasurfaces can be used together to localise users and shape the local EM environment.

¢ Integrate Sensing and Communications (ISAC)[9] is a well-established radar technique that can
be adapted to RIS to permit user localisation and channel state estimation necessary for accurate
and high quality RF beamforming and steering. Ideally both communications and sensing will
occur in the same licensed frequency band but different frequency bands can also be used for a
simpler implementation.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 2. Demonstration of unit cell state configurations and the resulting beam steering pattern[7].

Concluding Remarks

Programmable RF metasurfaces are now commonly called Reconfigurable Intelligent Surfaces
(RIS) within the telecoms industry. A RIS is RF-passive and a holographic antenna is the RF-active
counterpart. Programmable RF metasurfaces offer the ability to optimise the physical layer of mobile
communications beyond 5G. A dominant physical layer challenge that current wireless networks face
is the uncontrolled natural environment which dictates the reflection and scattering of radio waves.
The physical world is dynamic and complex so the wireless channel between transmitter and receiver
distorts a signal in non-trivial ways. Historically, mitigating hostile channel conditions can only be
performed at the transmitter-side and receiver-side. With the advent of metasurfaces, wireless
sensing and a new generation of artificial intelligence (Al), future mobile telecom networks have the
potential to provide greater data throughput, improved coverage and improved energy efficiency.

Currently the two highest priorities to accelerate commercialisation are to address the
complexity/ latency/ performance trade-off and to drive standards to consider top-down system-level
aspects of RIS operation.
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Status

Reconfigurable Intelligent Surfaces (RIS) represent a transformative technology poised to
revolutionize wireless communication and healthcare sectors. The concept of RIS emerged from the
need to address the limitations of traditional wireless communication systems, such as signal
attenuation, interference, coverage limitations, and spectrum scarcity [1]. By intelligently controlling
the propagation environment, RIS offers exceptional prospects for enhancing wireless
communication and healthcare applications. Figure 1 illustrates various deployment scenarios of RIS
within both wireless communication and healthcare contexts [2]. The history of RIS traces back to
seminal research in metamaterials and metamaterial-based structures in the early 2000s.
Metamaterials are engineered materials with properties not found in nature, laid the foundation for
developing surfaces capable of manipulating electromagnetic waves. Over the years, advancements
in materials science, signal processing, and communication theory have accelerated the development
of RIS technology. The RIS consists of a planar array of programmable elements distributed over a
surface. These elements can dynamically adjust their properties to reflect, transmit, or absorb
incoming electromagnetic waves, thereby optimizing signal strength, reducing interference, and
improving communication reliability [3].

With respect to wireless communication, RIS can mitigate multipath fading, extend coverage to
remote areas, and enable uniform connectivity in dense urban environments. Moreover, RIS-enabled
communication systems can adapt to dynamic channel conditions, offering superior performance
compared to traditional fixed infrastructure. For instance, RIS has proven to significantly boost the
indoor wireless signal strength up to 40 dB with RIS deployed in three different scenarios [4].
Likewise, in outdoor urban settings, RIS integration into 5G networks has been shown to boost MIMO
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channel gains by 10 to 15 dB and has the potential to increase channel capacity by up to 50%, marking
a substantial leap in network performance [5].

Transitioning to healthcare applications, RIS leverages existing RF signals for sensing, offering
anon-invasive, privacy-respecting solution to monitor broad activities and human vitals. The advent
of RIS considerably boosts this capability by enhancing Signal-to-Noise Ratios (SNR) and minimizing
interference. This leap in technology enables precise monitoring of both macro [6] and micro
movements such as heart rate [7], paving the way for smarter living and healthcare environments.
Additionally, by integrating RIS alongside the wearable or implantable devices, healthcare
practitioners can achieve precise localization and targeting of therapeutic signals.

This chapter uniquely highlights the dual impact of RIS in both wireless communication and
healthcare—drawing on new experimental studies and real-world trials—to offer a practical

d0i:10.20944/preprints202510.1152.v2

perspective on future deployment, integration, and transformative applications.
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Figure 1. RIS deployment in different scenarios: (a) Wireless Communication (b) Healthcare. [2].

Current and Future Challenges

Despite significant progress, the field of RIS faces several challenges that force further research
and development. These include optimizing RIS design for real-world deployment, developing
efficient algorithms for dynamic reconfiguration serving diverse applications simultaneously,
miniaturization and scalability will enable their integration into smaller devices and systems, and
addressing regulatory and standardization issues [8]. Further advances in RIS technology promise to
unlock a myriad of benefits across various domains.

A critical aspect of RIS research is system integration. Integrating these surfaces into existing
wireless communication and healthcare systems presents technical hurdles. Researchers are working
to develop a framework to ensure compatibility and interoperability with different devices and
networks. The absence of clear standards for RIS control interfaces, performance metrics, and
interoperability with current wireless protocols continues to hinder wide adoption [9]. Overcoming
these challenges is essential for the widespread adoption of RIS technology and its successful
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implementation in real-world applications. Advanced signal processing algorithms play a vital role
in optimizing RIS performance in dynamic environments. Current research focuses on developing
intelligent algorithms for tasks such as beamforming, interference mitigation, and resource allocation
[10,11]. These algorithms are instrumental in enhancing communication reliability and efficiency by
dynamically adjusting RIS configurations based on changing environmental conditions and user
requirements. In healthcare applications, extending the use of RIS requires addressing specific
challenges related to safety, reliability, and regulatory compliance. Researchers are working to
validate the effectiveness of these surfaces in diagnostic imaging, therapeutic interventions, and
patient monitoring. Ensuring privacy and data security is paramount, especially in healthcare.
Beyond conventional encryption, RIS can enhance physical-layer security—for example, by
dynamically shaping beams to prevent eavesdropping and jamming, as highlighted in recent studies
on RlS-assisted physical-layer security in integrated sensing and communication systems [12].
Researchers are also confronted with the daunting task of enabling dynamic adaptation.
Developing surfaces capable of autonomously adjusting to changing environmental conditions and
user requirements represents a significant challenge. Future endeavours will concentrate on
designing self-learning systems that can optimize performance in real-time without requiring human
intervention. By creating adaptive mechanisms within RIS, researchers aim to enhance their flexibility
and responsiveness, thereby maximizing their utility in diverse applications. Energy efficiency also
stands as a crucial concern for the sustainable deployment of RIS in both wireless communication
and healthcare systems [13]. Future research endeavours will seek into exploring various energy
harvesting techniques, low-power circuit designs, and energy-aware algorithms. These efforts aim to
minimize power consumption while preserving performance, ensuring that RIS can operate
efficiently within resource-constrained environments without compromising functionality.

Advances in Science and Technology to Meet Challenges

Advancements in material science can revolutionize the capabilities of RIS. Breakthroughs in
this field will led to the development of novel materials with precisely tailored electromagnetic
properties [14]. Emerging materials for RIS include flexible and transparent conductors,
biocompatible dielectrics for healthcare, and printed metal inks for low-cost large-scale arrays. Recent
work emphasizes the need to match materials and manufacturing to the specific application—be it
urban deployment or medical monitoring. These materials empower RIS to manipulate
electromagnetic waves across various frequencies and environmental conditions with unprecedented
efficiency and effectiveness. Such advancements have opened new possibilities for RIS applications
in wireless communication and healthcare, offering enhanced performance and versatility.
Integration technologies play a decisive role in incorporating RIS into existing wireless
communication and healthcare systems. Advances in integration techniques—including advanced
packaging, thin-film deposition, and PCB-level integration—allow for compact, high-performance
RIS suitable for mass deployment in wireless and healthcare applications. These technologies enable
RIS to adapt to the specific requirements of different environments and applications, ensuring
optimal performance and compatibility [15].

Continuous advancements in signal processing algorithms significantly enhance the
performance of RIS in dynamic environments. Intelligent algorithms for beamforming, interference
mitigation, and resource allocation enable RIS to adapt rapidly to changing conditions, optimizing
communication reliability and efficiency [16]. These advancements ensure that RIS can effectively
manage complex signal environments, delivering consistent and reliable performance across a range
of scenarios. Innovations in energy-efficient design principles are essential for the sustainable
deployment of RIS in wireless communication and healthcare systems. Through advancements in
energy harvesting techniques, low-power circuitry, and energy-aware algorithms, RIS can minimize
power consumption while maintaining optimal performance [17]. These developments extend the
operation of RIS in resource-constrained environments, ensuring long-term viability and
sustainability.
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Ensuring robust security and privacy protection is paramount for the widespread adoption of
RIS, particularly in sensitive applications like healthcare. State-of-the-art encryption, authentication,
and access control mechanisms safeguard data transmitted and processed by RIS, mitigating
cybersecurity risks and bolstering trust and confidence in the technology. Advanced cryptographic
techniques and secure communication protocols are critical for maintaining the integrity and
confidentiality of data in RIS applications.

Concluding Remarks

In conclusion, reconfigurable intelligent surfaces represent a transformative technology with
significant implications for wireless communication and healthcare. Through advancements in
material science, integration technologies, signal processing algorithms, energy-efficient designs,
security solutions, and scalable manufacturing processes, RIS offer extraordinary capabilities for
manipulating electromagnetic waves and optimizing communication and healthcare systems. The
potential of RIS to enhance communication reliability, efficiency, and coverage while enabling precise
diagnostics, targeted therapies, and patient monitoring in healthcare settings is immense. As research
and development efforts continue to address challenges and unlock the full potential of RIS
technology, we can expect to see further innovation and transformation in wireless communication
and healthcare, ultimately improving the quality of life for individuals worldwide.
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Status

Many of us discovered when we first picked up a colour pencil that the concepts of our
imagination were challenging to implement in reality. For a while this disappointment could be
mitigated by the pure joy of casting colour across a page (experimentation), but the endeavour must,
inevitably, be perfected and realised (exploitation) or discarded. In metamaterial design we
encounter that same problem. The level of impact can vary significantly, but commonly a
metamaterial that has been carefully designed and modelled for a specific performance fails to deliver
those criteria when manufactured and measured. In circumstances when this occurs such work is
published as proof of principle, but in order to progress beyond this stage to genuine application we
must understand why these challenges occur in the transition from design to manufacture in order
to overcome them.

The finite tolerances of manufacturing techniques in real world scenarios are a frequent culprit
for inconsistent performance between model and measurement (1; 2). Resonant metasurfaces that
generate novel properties through the confinement of fields into small areas are inevitably susceptible
to minute changes in the dimensions of those features, as can be seen in Figure 1. Minor deviations
in the uniformity of the array results in a significant drop in transmission performance compared to
predictions based on a perfect array. Deviation can also result from the material properties being
inconsistent as was found by Z. Shen et al. (3), who designed a novel water-based negative refractive
index metasurface that could be 3D printed. When manufactured, however, at least one resonance
mode disappeared because the changing properties of the water with temperature could not be
controlled in the model. M. Guo et al. (4) also found that slight variations in the refractive index of
the constituent material of a 3D-printed metasurface absorber resulted in a change in its absorption
of 6 decibels, which is a factor of 4 drop in absorbed power between prediction and measurement.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202510.1152.v2
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 October 2025 d0i:10.20944/preprints202510.1152.v2

12 of 36

Wavelength (um)

——2pumdata e 2 ym sim
——4 uymdata e 4 ym sim l Increasing array pitch
——6.6 ym data -+ 6.6 um sim

Copyright Euan Humphreys, 2023

Figure 1. (Left) SEM image of a laser-ablated hole array showing stitching errors, non-circular holes, and build-
up of excess material. (Right) Plot of simulated vs measured transmittance of the pictured array. Performance

drop is due to fabrication defects (13).

This high sensitivity to small variations also exacerbates the challenge of deriving the underlying
physics of a metamaterial’s design, hindering our further understanding of complex interactions (5).
In cases where the material is designed to be tuneable it is necessary to separate the uncertainty
inherent in the manufacture from the material’s actively changing properties. None of these are
unique problems for wireless metamaterials, or even metamaterials in general, but the class’s high
reliance on periodicity and non-linear effects, along with their relatively small feature size, makes
them highly vulnerable to these issues.

When a material is highly susceptible to small perturbations in manufacturing, it will also be
sensitive to similar perturbations caused by damage in use. Outside of lab experimentation, in
application sectors where assured performance is critical (such as aerospace, defence, emergency
services etc.), any new material’s adoption will be predicated on being able to perform consistently
from modelling to manufacture and under stress throughout its operational lifetime. Hence the
interest in incorporating robustness into the design process from the beginning. For example,
Tongtong et al. (Tongtong Zhang D. L., 2023) have demonstrated how using connected super units
rather than the traditional single unit cell can greatly improve their material’s tolerance. By using a
super unit of 16 interconnected unit cells, they can counteract the tolerance of their 3D printing
technique, which produces visibly curved and irregular surfaces compared with the modelled design
but has very good agreement in performance to simulation.

In the current status of wireless metamaterial development, the drive for more novel effects and
exotic geometries leads to the use of small batch, experimental, manufacturing techniques or to push
a design to the very edge of a given techniques functional tolerances. We propose that a roadmap for
the future of wireless metamaterials include an awareness of the manufacturing challenges
metamaterials face when attempting to reach wider adoption and that metamaterials be designed
with these challenges in mind.

Current and future challenges
Designing for scale

In the lab it is possible to demonstrate a novel metamaterial response effectively enough for
publication with a sample only a few wavelengths in diameter. At such scales a slow or inconsistent
manufacturing technique can be a sensible choice. Making multiple samples until one is of acceptable
quality, or waiting a few days for a process to finish, is acceptable in this context. When even
moderate scale up is considered, however, these limitations can be intolerable.

Extraordinary optical transmission (EOT) array metasurfaces are made from a grid of holes in a
thin plasmonic metal film, with transmission peak positions dependent on the hole spacing/pitch (7).
EOT arrays can be fabricated directly via laser ablation, with the total time to make arrays covering
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the same area increasing as the hole size and spacing is scaled down. An example (8) that helps to
quantify some of the effects of scaling on fabrication time shows 2x2 mm area arrays taking 3, 10 and
19 minutes to pattern 6.6, 4 and 2 um pitch arrays respectively. EOT arrays have applications in
biosensing where the existing standard is surface plasmon resonance sensors (9). EOT’s advantage
over the existing technology, the ease with which it lends itself to miniaturisation, is directly
undermined by the fact that it gets slower to make as feature density increases while the non-
metamaterial (un-patterned) alternative has no such limitation.

For both large scale manufacture of metamaterials and bespoke creation of them in rapidly
changing scenarios, a metamaterial needs to be accommodating to scale-up techniques in its design.
Wet-etching for example can create a large, fine-featured area array in a very short time, but this
requires the creation of etching masks and has additional material requirements and tolerances.
Scaling up becomes even more challenging in the 3D space, with new technologies in that field
bringing their own challenges.

Designing for additive manufacture (AM)

Additive manufacture is an umbrella term for a range of 3D printing techniques and is a key
technology for the rapid prototyping of metamaterial designs (10), allowing for both in house
fabrication and access to designs that would otherwise be prohibitively expensive to outsource. It
creates options for exploiting difficult/niche materials with limited commercial availability, seeing
wide adoption and is an area of active study in its own right, providing ever increasing capability to
metamaterial researchers. For all this, AM is not a universal solution. A metamaterial that is suitable
for AM must be composed of materials that are compatible with the chosen manufacturing method,
must have features of appropriate size for the materials and method, and must have performance
that is robust within the dimensional tolerances of the manufacturing method and available
hardware. For the most commonly used fabrication systems these tolerances can be around ~0.3%
with a minimum tolerance of +0.1 mm (11). Even if the tolerances could hypothetically be eliminated,
3D printing can also induce anisotropy. Existing simulation tools struggle to accommodate these
limitations and realised performance suffers for it. This also limits the ability for previously
demonstrate materials to be translated into a form suitable for AM.

AM technology is constantly improving and developing, the current limitations may one day be
resolved as new techniques are created and existing ones refined, but a 3D printed metamaterial is
unlikely to see wide adoption when it requires the mass deployment of cutting edge and expensive
manufacturing tools. Better, then, if the design and fabrication philosophies of metamaterials adjust
in step with manufacturing advances rather than designing for a future that may not come to pass.
Doing this will help to accelerate the adoption of metamaterial enabled products in the market and
lower the barriers to entry of metamaterial research.

Advances in science and technology to meet the challenges

Designing for manufacture is a challenge best served by advances in simulation rather than more
precise manufacture techniques. In this regard, one of the most compelling advances in is machine
learning (12). Despite having significant potential to reduce design time and simplify optimisation, it
has shortcomings that are yet to be fully explored, and in a research context brings the challenge of
requiring dual expertise in both metamaterials and computer programming. If we resolve these
challenges through inter-community collaboration, it is conceivable that a tool could be created that
assesses a design’s robustness to a given tolerance, appropriateness for a manufacturing technique,
or superfluous features that could be excluded to optimise manufacture speed.

Advances in manufacturing techniques (additive and conventional), including availability of a
wider range of source materials for printing, advances in automation making rapid scale-up simpler
and improvements to design tools for fabrication technology will all underpin future improvements
for metamaterials and their exploitation. However, adopting design techniques and philosophies that
allows the materials of tomorrow to be manufactured on the hardware of today will enhance the
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future impact of both near-term and far-future metamaterials without anchoring exploitation and
adoption to an as yet unrealised technological advance.

Concluding remarks

In conclusion, the field of metamaterials is over two decades old and has established a diverse
and vibrant application space including novel optics, reconfigurable antennas, energy harvesting,
exquisite sensing and more. If the extraordinary potential of this remarkable class of materials is
going to continue to have the impact that the initial laboratory results have promised, a paradigm
shift is required where metamaterial researchers consider, and design for, the challenges of
manufacturing a material at scale reliably and repeatably. In doing so, they must make
accommodations for how their modelled geometries might actually achieve functionality when
deployed in a real-world setting. No matter the properties that future metamaterials could achieve,
it is essential that the ongoing technology “push” is tempered with the end user and stakeholder
requirements “pull” towards a mutually beneficial outcome.

This could be achieved through collaborative, cross domain, efforts linking researchers in
manufacture and simulation to those in metamaterials. To achieve this, we propose co-located
conferences on different topics with shared plenary sessions to raise awareness within existing
communities without having to pass the hurdle of initiating a new one. These linked events should
also encourage a sharing not just of results but practices, with design methods and simulation
techniques given venues for presentation and publication. In order to broaden scope to those unable
to attend conferences, publishers and funding bodies could be encouraged to accept proposals
focusing on improving robustness and manufacturability through design and material selection over
the existing pressure to produce novelty of effect. These tracks could be facilitated by industry
sponsorship as both would result in designs with greater market readiness and in the development
of dual complimentary skillsets for potential employees. Industry engagement with the UK
Metamaterial Network is already positive and active; this roadmap could help give it a direction for
a meaningful exploitation on a larger scale.
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5. THz Metamaterials for Beam Manipulation in Wireless Systems and Devices
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Status

TeraHertz (THz), the frequency window sandwiched between microwaves and infrared, is
attracting a lot of interest driven by the promise of unprecented wireless capacity, high sensitivity to
water, intermolecular bonds/motions, and carrier dynamics in semiconductors, and hyperspectral
imaging with millimetre resolution even through many optically opaque materials [1]. All these
features are well-suited for communication and sensing applications. In fact, the THz band unleashes
joint communication and sensing opportunities that are being articulated in the definition of 6G [2]:
benefited by the Tbps data rates promised by THz frequencies, 6G is expected to support high-
definition holography and enable ultra-high-capacity wireless backhaul; meanwhile, benefited by
THz’s fingerprinting potential and spatial resolution, 6G is expected to support unprecedented
resolution radar and localisation, air quality monitoring, and nano-bio-sensing for transformative
healthcare applications.

Metamaterials and their two-dimensional (2D) equivalent metasurfaces are and will play an
important role in this context [3] as the manipulation of THz electromagnetic fields is not trivial due
to two reasons: (i) the range of accessible material properties is rather limited at THz frequencies [4];
we have basically dielectrics (with moderate values of permittivity, except for few inorganic crystals,
and in most cases lossy) and metals; there are no natural low-loss magnetics, not to speak about more
exotic and interesting media such as chiral ones that an engineer would need in designing high-
performance devices; (ii) THz beam diameters are only moderately large when measured in
wavelengths and optical components for beam manipulation (e.g., lenses, mirrors, etc.) have also
sizes comparable to the wavelength where diffraction phenomena is relevant [5].

Within the metamaterials paradigm, it becomes possible to widen the material design
opportunities. By tailoring the wunit cell properties and optimising their arrangements,
metamaterials/metasurfaces have produced, among other scarce material properties, chirality and
negative refractive index at THz frequencies [6]. The accessibility to a wider material properties has
enabled different functionalities with high performance such as filtering with low transmission out
of band over several decades [7], negative group delay [8], absorption [9], wave front engineering
[10,11], high surface wave confinement [12], anomalouos reflection [13], carpet cloaking [14], and
holography [15,16]. In turn, all these functionalities have resulted into improved devices such as
detectors [17,18], including a commercial camera by Hamamatsu Photonics, functional emitters [19],
modulators with GHz range of reconfiguration speed [20], including spatial THz modulators [21],
planar antennas [22], and biosensors [23].

Current and future challenges

In the context of wireless systems and devices, the most pressing challenge facing THz
metamaterials, and thus, reflective intelligent surfaces, is still high performance reconfigurability,
which is needed to break the fundamental performance bottleneck caused by the “multiplicative
fading” effect introduced by passive reflective intelligent surfaces [24] Over the last decade or so,

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202510.1152.v2
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 October 2025 d0i:10.20944/preprints202510.1152.v2

16 of 36

several tuning mechanisms for reconfigurability have been investigated, including
microelectromechanical systems, thermal, microfluidic, liquid crystals, phase change materials and
2D materials [25,26] and significant milestones have been achieved [11,16,20,21], but either tuning
speed is slow for communication systems, or the metamaterial has a limited number of units cells —
producing poor to moderate radiation performance [27] —, or display hysteresis — rendering the
metamaterial impractical for applications beyond the lab —, or the power consumption is too large or
the performance deteriorates rapidly with tuning complicating the separation of the uncertainty
inherent in the manufacture from the material’s actively changing properties needed for the designing
for manufacture approach.

Other challenges that need to be addressed sooner rather than later are related to fabrication and
accurate modelling as alluded in Section 4 of this Roadmap as a general problem for any new
technology. The multiscale manufacturing needs of THz metamaterials falls through the cracks of
standard microwaves and optical technology manufacturing techniques: the um topological features
of THz metamaterials demands optical technology manufacturing, but the required device size in the
range of cm is ill-advised for them. Meanwhile, the fabrication volume/footprint is within reach for
microwaves technology manufacturing, but not their accuracy requirements. Hence, THz
metamaterials urge very advanced and expensive fabrication techniques with relative low
manufacturing yield and not suitable for mass production that prevent the wide spread of THz
metamaterials technology. The solution to this problem has been to use metasurfaces that can be
fabricated with the more accessible optical photolithography or even laser ablation. However, this is
done at the expense of limiting functionalities. If there were a cost-effective fabrication technique that
allowed 2.5D metamaterials, let alone 3D metamaterials, the number of functionalities that could be
encoded in a single metamaterial would explode as demonstrated at microwaves [28]. The modelling
challenge is related to three aspects: (i) the inherent multiscale characteristic of THz
metamaterials/metasurfaces [29], (ii) the relevance of diffraction due to being in quasi-optic territory
[5], and (iii) the increasing importance of surface roughness [30].

A future challenge that can be easily envisioned at this stage is related to integration. With few
exceptions, THz metamaterials/metasurfaces are designed, tested and modelled as isolated elements.
In integrated solutions, loading effects between nearby components will emerge and will have to be
studied not only from the electromagneticc but also from the electronic, thermal, and
electromechanical point of view. The multiphysics analysis is largely unchartered territory for THz
metamaterials.

Advances in science and technology meet challenges

To tackle the fabrication challenge that, to some extent, affects the reconfigurability challenge,
one should steer the attention to the fast-growing additive manufacturing. Micro laser sintering has
demonstrated high performance for classical all-metallic devices operating up to 0.2 THz [31] and
should be a viable solution for 2.5D/3D THz metamaterials if accuracy is pushed down to a single
digit of um and surface finish is improved. Two-photon polymerisation direct laser writing meet the
stringent dimensional accuracy and surface finish requirements for 2.5D/3D THz metamaterials and
has been successfully used with a THz low-loss photoresin [32]. However, the process requires a
sintering stage that cause a reduction in volume of the printed structure of ~45% that is not
necessarily isotropic for complex geometries. Hence, there is a need to either understand and control
precisely the shrinkage due to the sintering stage or remove the sintering stage completely by finding
anew THz low loss photoresin that does not require it. In fact, the development of low-cost dielectric
materials/substrates with lower loss at millimetre-wave frequencies is in the agenda of electronic
material multinationals [33]. Another advancement that would be a step change for both micro laser
sintering and two-photon polymerisation direct laser writing would be the possibility to produce
metallo-dielectric metamaterials without extra fabrication steps or at least to have an accurate and
seamlessly two-step process.

Advances in THz near-field characterisation is an avenue to meet the integration challenge
[34,35]. The possibility to inspect the near-field of fabricated THz metamaterials not only would
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provide key information about the fabrication, but also about potential near-field effects that could
be embedded in the design optimisation of the integrated solutions. The prototyping of integrated
solutions, meanwhile, could be greatly benefited using multiphysics topological
optimisation/machine learning [36] that are well-suited for scenarios with complex nonlinear
interactions as those emerging in integrated solutions.

Concluding remarks

THz metamaterials hold promise for beam manipulation in wireless systems and devices, but
there are a number of challenges for them to thrive and become the technology of choice. These
challenges are in most cases intertwined and involve a collective effort from material and
microfabrication scientists, microscopists, physicists, electrical and electronic engineers, computer
scientists and eventually system engineers. The future tasks that this roadmap contribution identifies
for wireless/THz metamaterials to become the technology of choice are: (i) reconfigurability of cm
and even dm size metasurfaces with s modulation speed and low power consumption aligned with
6G vision and global green agenda; (ii) multiphysics and multiscale designing for manufacture; (iii)
development of low-cost dielectric materials for 2.5D/3D metamaterials with lower loss at millimetre-
wave frequencies than those currently commercially available; and (iv) development of a
multimaterial (ideally, metals and dielectrics) process with um tolerance and cm to dm manufacture
size.
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Radar systems find numerous applications in both civil and military fields and reducing the
radar-cross-section (RCS) of objects is an important issue. For example, air or maritime navigation
surveillance radar can be disrupted by the presence of tall structures in their surveillance zone. A
well-known example of this is wind turbines where the movement of the blades creates a Doppler
shift. The effectiveness of driving assistance radar can be compromised by the presence of objects
with high RCS in their field of vision. Very recently, satellites (civilian or military) can now be subject
to unfriendly activities (anti-satellite fire for instance) made possible using radar for detection and
localization. As radar capabilities advance, so must stealth technologies evolve to maintain their
effectiveness. In a related area, there are also application opportunities to increase the RCS for
example for drones, tall buildings, and to increase safety for driverless vehicles.

Metasurfaces, with their ability to manipulate electromagnetic waves at a subwavelength scale,
have emerged as a groundbreaking technology in the realm of enhanced stealth applications and RCS
reduction for both civil and military applications [1]. The history of metasurfaces dates back to the
early 21st century when researchers began exploring the possibilities of artificially engineered
materials to control the propagation of electromagnetic waves [2]. Over the years, metasurfaces have
evolved from passive structures to actively tunable devices, enabling unprecedented control over the
scattering and absorption of electromagnetic radiation [3]. A recent popular variation of metasurfaces
includes reconfigurable intelligent surfaces (RIS) which typically have a narrow band behavior, and
a very high conductivity is required to limit losses. Metasurfaces for RCS reduction are a different
class of metasurface where the aim is to scatter the incoming waves in all directions. A wide
bandwidth of operation can be achieved. For RCS reduction, the conductivity does not need to as
high as for RIS. Therefore, inkjet and screen printing, as well as other manufacturing techniques are

possible.
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Figure 1. (a) Impact of metasurface application on radar RCS of a Fighter Jet. The application of a metasurface
results in a 10 dB reduction in RCS, leading to a significant 40% decrease in radar detection range. (b) Diffuse
scattering under normal incidence using metasurface [4]. (c) Metasurface RCS reduction characteristics under

oblique incidence up to 60° [4].
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In the context of stealth technology, metasurfaces play a pivotal role in mitigating the
detectability of objects by radar systems, thereby enhancing their stealth capabilities, see Figure 1(a).
The importance of this field persists due to the continuous advancements in radar and sensing
technologies, driving the need for more sophisticated and adaptable stealth solutions [4,5].

The ongoing research aims to develop metasurfaces that can dynamically adapt to different
radar frequencies and polarizations, providing a versatile and responsive approach to stealth.
Moreover, the integration of artificial intelligence and machine learning techniques into metasurface
design is anticipated to yield self-optimizing structures capable of real-time adaptation to evolving
threat scenarios. As metasurface research progresses, it is expected to unlock new dimensions in RCS
control, allowing for not only reduced visibility but also controlled redirection of incident radar
waves, see Figure 1(b)-(c). This will be particularly valuable in military and civilian applications
where precise control over RCS is crucial. In conclusion, the history of metasurfaces reflects a journey
from conceptualization to practical implementation, and their ongoing significance lies in their
potential to revolutionize stealth capabilities through dynamic RCS modification. The pursuit of
further advances in this field is imperative for staying at the forefront of modern technologies and
ensuring the continued effectiveness of stealth applications in an ever-evolving threat landscape.

Current and Future Challenges

Despite the promising advancements in metasurface technology for enhanced stealth
applications and RCS modification, several challenges persist in the current research landscape, while
new ones loom on the horizon. Existing metasurfaces typically perform optimally under narrow
angles of incidence [6]. A significant obstacle in achieving broadband functionality lies in addressing
wide-angles of incidence, specifically oblique incidence. Figure 1 (c) indicates that the RCS can be
significantly reduced over wide angles of incidence of 60° [4]. However, there are challenges that
remain in extending this performance to even wider angles. Overcoming this limitation necessitates
the development of metasurface unit cells capable of dynamically adapting their electromagnetic (EM)
characteristics to cover a broad range of incidence angles. This challenge calls for innovative and
sophisticated design approaches for the unit cells that constitute the metasurface.

Metasurfaces can exhibit wider bandwidths than other classes of metasurfaces. This is evidenced
by results in [1] that achieve greater than 10 dB of RCS reduction from 11 - 28 GHz (87% FBW)
including angles up to 60°; and similarly [5] covers 10 to 24 GHz including angles up to 60°. Over this
wide frequency bandwidth, no grating lobes were observed. However, extending this operational
bandwidth in conjunction with extending the angles of incidence remains an ongoing challenge.

Novel and more efficient 2D destructive phase distributions, other than chessboard or random
coding, that helps the unit cells to ensure angularly stable 10 dB of RCS reduction is also in need.
Another pressing issue is the scalability of metasurface fabrication techniques. While laboratory-scale
metasurface prototypes showcase remarkable capabilities, transitioning these technologies to
practical (real-world), large-scale applications pose significant manufacturing challenges. The
integration of metasurfaces into existing structures and materials also presents hurdles, requiring a
balance between performance and compatibility.

Another pressing issue is, to date, almost all metasurfaces in the literature were designed and
fabricated using stiff dielectric materials, which makes the integration of the metasurfaces on real-
world objects impossible in some cases such as NASA almond structures. Thus, more material
research should be conducted to produce a flexible and easy to bend (and perhaps transparent).
Additionally, the susceptibility of metasurfaces to environmental factors, such as temperature
variations and moisture, poses reliability concerns in real-world applications, necessitating robust
and durable design solutions. Looking ahead, the incorporation of metasurfaces into complex three-
dimensional structures, such as aircraft and vehicles, demands extensive research to address the
associated engineering and integration challenges. Additionally, metasurfaces for RCS reduction
should be low profile and lightweight, especially for applications in aerospace and defense.
Achieving effective RCS reduction while minimizing the impact on the overall system weight and
size is a critical consideration.
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Understanding the long-term effects of metasurface deployment on the overall performance and
structural integrity of these platforms is crucial for ensuring sustained effectiveness. As metasurface
technology advances, ethical and regulatory considerations related to its application in military and
civilian domains become increasingly pertinent. Striking a balance between innovation and
responsible deployment will require collaborative efforts between researchers, policymakers, and
industry stakeholders. In summary, while metasurfaces hold immense potential for revolutionizing
stealth capabilities, addressing current challenges and anticipating future hurdles is essential to
unlocking their full spectrum of applications in the realms of enhanced stealth and RCS modification.

Advances in Science and Technology to Meet Challenges

In the pursuit of developing metasurfaces for RCS reduction, groundbreaking advances in
science and technology are paramount to address the multifaceted challenges inherent in achieving
optimal RCS reduction performance. One key area of advancement lies in the evolution of science
and technology to fabricate flexible materials, see Figure 2. Conventional dielectric materials, often
rigid and inflexible, pose inherent limitations in adapting to different shapes and structures required
for optimal RCS reduction. The demand for metasurfaces with conformal and flexible properties has
spurred significant advancements in material science and fabrication techniques.

Example of Flexible Metasurface *
£ | -
| i §
(b)

(@ (c)

Figure 2. (a) Example of recently fabricated metasurface at Loughborough University using flexible materials.
(b) RCS versus frequency curves of NASA Almond 3D geometry with/without metasurface [9]. (c) Conformal
metasurfaces for RCS reduction [10].

Novel materials, such as flexible polymers and elastomers, have emerged as promising
candidates to replace rigid dielectric substrates. These materials offer the advantage of flexibility,
allowing metasurfaces to conform to curved surfaces or irregular shapes, a critical requirement for
stealth applications on diverse platforms. Advances in the synthesis of flexible materials involve
tailoring their electromagnetic properties to ensure compatibility with radar frequencies of interest
[7]. This includes engineering the dielectric constants, loss tangents, and other material parameters
to achieve optimal absorption, reflection, or scattering characteristics for radar waves. Furthermore,
the fabrication techniques for these flexible materials have undergone significant enhancements. Roll-
to-roll manufacturing processes [8], for instance, enable the continuous production of flexible
metasurface films over large areas, making them scalable for widespread applications. Additive
manufacturing, including techniques such as 3D printing [9,10], allows for the creation of intricate
and customized metasurface designs with precision, facilitating the realization of complex shapes
that conform to the contours of the platforms they intend to conceal.

To address the challenges associated with wide-angle of incidence RCS reduction, researchers
are leveraging computational methods and artificial intelligence (AI) algorithms to design the
metasurfaces” unit cells. Advanced simulations, utilizing high-performance computing, enable the
optimization of metasurface designs for specific wide-angle of incidence. Machine learning
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algorithms are employed to analyze vast datasets, identifying optimal configurations of the unit cell
and unit cell distribution that yield the highest stealth performance under widest angle of incidence.
This integration of Al into the design process accelerates the development of metasurfaces with
enhanced stealth capabilities. Furthermore, advancements in nanotechnology play a pivotal role in
achieving finer control over the structure and properties of metasurfaces. Nanoscale fabrication
techniques, such as electron beam lithography and focused ion beam milling, allow for the precise
manufacturing of subwavelength structures on metasurfaces. These techniques enable the creation
of metasurfaces with unique geometries and functionalities, contributing to improved stealth
performance.

Concluding Remarks

In conclusion, the exploration of metasurfaces for radar cross-section reduction represents a
dynamic frontier in stealth technology, poised to reshape the landscape of modern military and
civilian applications. The historical progression from conceptualization to active implementation
underscores the evolving nature of metasurface research. The enduring significance of this field lies
in its potential to revolutionize stealth capabilities through dynamic radar cross-section modification.
Despite current challenges, the pursuit of flexible materials, advancements in artificial intelligence,
and breakthroughs in nanotechnology hold the promise of overcoming existing limitations.

As we advance, collaborative efforts across disciplines, thoughtful ethical considerations, and
proactive engagement with regulatory frameworks will be pivotal to ensuring the responsible
deployment of metasurface technology. With ongoing research and technological innovation,
metasurfaces stand as a cornerstone in the perpetual quest for staying ahead in the technological race
between stealth technologies and radar systems, ensuring our ability to navigate an ever-evolving
threat landscape with enhanced stealth and precision.

Future challenges include integrating these RCS-reducing metasurfaces into existing systems.
This includes manufacturing over large conformal surfaces and complicated 3D shapes, and the
material challenges to provide robust RF performance at high speeds or at high temperatures,
without compromising the structural integrity. A further challenge is integrating these metasurfaces
without compromising the existing communication capabilities.
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Wireless technologies are essential for bioelectronic devices used in diagnostics and therapy,
ranging from early pacemakers [1] to modern implants like cochlear [2] and retinal devices [3], health
monitors, ingestible cameras [4], and spinal cord stimulators [5]. Historically, these devices have
depended on batteries for power and reliability over their operational lifespan. However, challenges
persist with batteries [6], including their bulkiness for high storage capacity and the need for
replacement surgeries due to limited lifespans and corrosion.

Wireless power transfer (WPT) systems present a promising alternative to address these issues.
WPT enables device miniaturization, reduces infection risks associated with surgical replacements,
and ensures stable long-term operation through reliable wireless charging [7,8]. These advancements
suggest that WPT can revolutionize implantable medical devices, enhancing patient outcomes and
long-term usability. Radiofrequency (RF) techniques are the most prevalent wireless technology in
bioelectronics due to their safety and maturity [9]. However, the human body's lossy, heterogeneous,
and dispersive nature poses challenges by absorbing electromagnetic radiation [10]. To avoid adverse
effects, lower frequencies (below 5 GHz) are used, which limits miniaturization and the ability to
focus electromagnetic fields [11]. Additionally, variations in body size, composition, and movement
complicate the design of bioelectronic components.

Metasurfaces [12-14], which are structured at the subwavelength scale, offer innovative
solutions. These flat, flexible devices can amplify or suppress electromagnetic interactions, enhancing
performance and allowing integration into wearable and implantable devices. Metasurfaces can
manipulate the amplitude, phase, and polarization of electromagnetic waves, reaching otherwise
inaccessible physiological regions [15]. Flexible electronics, including energy harvesters [16] and
smart skins [17], benefit from metasurface advancements, which offer improved performance and
new capabilities, indicating a promising future for bioelectronics.

Current and future challenges

Integrating metamaterials and metasurfaces into bioelectronics comes with several significant
challenges. Firstly, designing and fabricating these materials for optimal performance in the complex
biological environment is challenging due to the heterogeneous nature of biological tissues, which
exhibit varying electromagnetic properties. Predicting and controlling electromagnetic wave
behavior in such an environment requires advanced and often costly nanofabrication techniques.
Moreover, ensuring that these metasurfaces maintain their functionality when scaled down for
practical applications in wearable and implantable devices is a critical hurdle [18]. Biocompatibility
and long-term stability of metasurfaces also pose major challenges. Bioelectronic devices must be safe
for extended use within the human body, necessitating materials that do not provoke immune
responses or degrade over time [19]. Additionally, integrating these materials into flexible and
stretchable substrates suitable for biomedical devices requires ensuring that their mechanical
properties match the flexibility and durability needed for continuous use [20].
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Power efficiency and thermal management are significant concerns for metasurface-based
bioelectronic devices. The human body has strict limits on the amount of electromagnetic energy that
can be safely transmitted, restricting the operational power of these devices. Metasurfaces must be
designed to minimize energy loss and manage heat dissipation effectively to avoid tissue damage.
Future advancements need to focus on enhancing the energy efficiency of these devices while
ensuring they operate within safe exposure thresholds to electromagnetic fields [10].

Looking forward, the integration of metasurfaces with advanced technologies like artificial
intelligence (AI) and machine learning (ML) offers promising opportunities [21,22] but introduces
new challenges. Al and ML can optimize the design and functionality of metasurfaces, enabling real-
time adaptability and improved performance. However, embedding these sophisticated
computational capabilities within bioelectronic devices requires developing new algorithms and
computational models that can function efficiently on the limited hardware of wearable and
implantable devices. Seamlessly integrating these advanced technologies with metasurfaces will be
crucial for realizing their full potential in future bioelectronics.

Advances in science and technology to meet challenges

To advance metasurface-based bioelectronics, innovation in circuit design, materials, and the
use of Al for design optimization is crucial. Despite progress, achieving comprehensive
electromagnetic control near the human body remains challenging, mainly due to the limited number
of unit cells and tunability in current designs. Implementing novel control mechanisms, including
mechanical actuation, optical control, and phase-change materials, offers potential for improving
resolution and tunability [23].

For example, dynamic polarization control could address the challenges related to the variable
orientation of bioelectronic devices on or within the body [24]. Although optical metasurfaces have
explored these concepts, their application in bioelectronic wireless systems is still limited.
Additionally, emerging nonlinear [25] and time-varying metasurfaces [26] could introduce novel
functionalities, such as Doppler shifts and broken Lorentz reciprocity, potentially enhancing
biosensor sensitivity and enabling efficient power transfer to mobile devices. Translating capabilities
from optical to RF metasurfaces for bioelectronics involves distinct challenges, including material
preferences and penetration depths within biological tissues. While metals with high conductivity
are advantageous at radiofrequencies, optical frequencies favour dielectric materials due to lower
losses [27]. Optical metasurfaces leverage light's molecular selectivity for interactions with biological
matter, whereas RF metasurfaces can penetrate deeper into tissues. Navigating these differences and
leveraging scale-invariant principles from Maxwell's equations presents opportunities and
challenges in advancing metasurface applications for bioelectronics across both optical and RF
domains [27].

Metasurfaces for bioelectronics must be flexible and stretchable to integrate with the human
body [8,28,29]. Materials like polyimide, polyethylene terephthalate, ecoflex, polydimethylsiloxane,
and textiles offer fabrication methods such as direct and transfer printing. Longer wavelengths
reduce resolution demands. Rigid conductors like copper, gold, and aluminum can be made flexible
through structural designs like serpentine lines [16], with necessary adjustments for inductance and
capacitance. Flexible conductive materials like conductive polymers, hydrogels, and ionogels, such
as PEDOT, are promising despite lower conductivity [28]. Liquid metals provide both flexibility and
high conductivity for applications like microfluidic antennas [30]. Functional materials can transduce
biochemical changes into electromagnetic responses. For example, hydrogels alter permittivity under
pressure or sweat, enabling wireless detection [31]. Two-dimensional materials like graphene enable
sensors sensitive to biological environments [32]. Biodegradable materials like magnesium, silk, and
cellulose create transient metasurfaces [33], while self-healing materials enhance durability for
wearable devices [34]. Another emerging trend is integrating transparency into these bioelectronics,
which holds the potential to preserve and utilise visual information from interfacing biological
systems [35]. This capability could significantly advance comprehensive clinical diagnosis through
sophisticated image analysis techniques.
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Furthermore, the future of bioelectronics holds significant promise with the advent of
magnetoelectric (ME) antennas [36], which are poised to revolutionize the field through enhanced
miniaturization and functionality. Traditional antennas rely on wavelengths that are often large
relative to the size of the device, making it challenging to achieve the necessary compactness for
integration into wearable and implantable bioelectronics. Magnetoelectric antennas, however, can
achieve similar performance at a fraction of the size, allowing for the development of much smaller
and more discreet bioelectronic devices. This miniaturization opens new possibilities for continuous
health monitoring and seamless integration with the human body.

Al enables researchers to efficiently explore complex parameter spaces, aiding in the discovery
of innovative metasurfaces. Al models for metasurface design22 can be categorized into supervised,
unsupervised, or hybrid models. Generative models, including Generative Adversarial Networks
(GANSs) [21] and Variational Autoencoders (VAEs), create novel metasurface designs by exploring
latent spaces and patterns that would be labor-intensive to identify manually. GANs are effective at
generating structures and architectures, while VAEs can offer new configurations with specific
functionalities. Optimization algorithms, such as genetic algorithms and particle swarm
optimization, also play a crucial role. Genetic algorithms use natural selection principles, whereas
particle swarm optimization leverages adaptation principles to fine-tune metasurface architecture.
Generative models excel in creativity, producing novel concepts, while optimization algorithms focus
on efficiency and finding optimal solutions. Model evaluation involves cross-comparison,
performance indices, bootstrapping, and cross-validation to ensure accurate predictions and avoid
overfitting.

Concluding remarks

Due to their versatility and compact size, metasurfaces offer functionalities that conventional
radio-wave components cannot achieve in biomedical applications. Metasurfaces excel in controlling
electromagnetic waves precisely within and around the body, which is crucial for advancing
connected personal healthcare systems. Recent advancements highlight their potential in integrating
bioelectronics with the human body and designing devices for wireless health monitoring and
therapy. However, additional testing is essential to validate their suitability for medical applications.
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Status

Flexible antennas and metasurfaces are key players on the Internet of Everything (IoE) beyond
5G wireless applications. The increasing number of user-friendly wireless devices contributes greatly
towards modern lifestyles by transforming how people work, communicate, and interact with the
modern world. Smart wearables are vital in real-time health monitoring and diagnostics, augmented
and virtual reality AR/VR experiences, smart textiles, enhanced connectivity, smarter human-
machine interaction, security and surveillance, and provide sustainable solutions across industries
[1]. While a surge of research in compact, flexible and wearable 5G antennas has gained massive
success, the extensive adoption of these technologies across diverse internet-of-things (IoT)
applications is still evolving. Significant deployment is done in health monitoring wearables, and
smart clothing for military and firefighter garments, however, large-scale integration into everyday
applications like smart agriculture, smart homes, and industrial technologies is in progress. Figure 1
shows the scope of wearable antennas and metasurfaces beyond 5G/6G applications.

Research into biodegradable materials for electronics is crucial in reducing the electronic waste
(e-waste) and environmental impact of these systems [2]. The global e-waste generation reached 53.6
million metric tons in 2019, the world generated a striking 53.6 Mt of e-waste, an average of 7.3 kg
per capita, and is projected to grow to 74.7 Mt by 2030 [3,4]. Advances in material science, such as
biocompatible conductors, biopolymers, and cellulose-based materials can be used in developing
biodegradable antennas and printed metasurfaces for seamless wireless connectivity and
biodegradability, leaving no harmful residue to the environment. Recently, research on using carbon-
based materials like graphene and carbon nanotubes in flexible antennas and metasurfaces has
received attention due to their low profile, light weight, low cost, high resistance to corrosion, thermal
stability, and tunable conductivity. These new materials exhibit remarkable properties that make
them highly attractive for future eco-friendly applications, particularly for millimeter-wave (mm-
wave) and terahertz (THz) communications. Several advanced manufacturing techniques have
recently been developed to ensure fabrication consistency, reliability, cost-effectiveness and accuracy
for biodegradable antennas and printed metasurfaces.

Flexible metasurfaces, in particular, are increasingly recognized as transformative enablers for
next-generation communications. Unlike conventional antennas, metasurfaces provide
unprecedented control of electromagnetic (EM) wavefronts, enabling beam steering, focusing,
holography, and reconfigurable wireless environments that can dynamically adapt to user needs [10-
12]. Recent experimental demonstrations have validated the use of reconfigurable intelligent surfaces
(RIS), a class of metasurfaces, for extending coverage, improving spectral efficiency, and reducing
energy consumption in beyond 5G networks [13,14]. Moreover, the integration of flexible and
conformal metasurfaces into wearables opens new possibilities for body-centric wireless networks,
immersive AR/VR connectivity, and in-body biomedical communications [15]. This distinguishes
metasurfaces from traditional flexible antennas by providing a multifunctional and adaptive
communication layer essential for the IoE ecosystem.
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Figure 1. Potential applications of flexible antennas and metasurfaces beyond 5G/6G, including smart wearables,
AR/VR, biomedical implants, and IoE environments. Reconfigurable metasurfaces can enable low-power
beamforming, electromagnetic cloaking for privacy/security, and energy-efficient signal routing across these

domains.

Current and Future Challenges

Beyond 5G requires moving to the available bandwidth at the mm-wave band to realize
applications such as smart cities, the IoE, and virtual reality. This transition towards mm-waves
requires antenna designs, indoor base stations, and micro and picocells. Attenuations and
atmospheric absorptions at mm-waves are challenging and require proper channel modelling and
adopting smart techniques, like massive MIMO, adaptive antennas, and cognitive control systems to
improve reliability and system capacity, reduce interference, and obtain high spectral efficiency.
Wearable electronics have received massive success in consumer electronics. The fabrication and
integration of complex antennas and metasurfaces in wearables is challenging due to several critical
requirements. For instance, the design and manufacturing of such new components need a small
footprint, high fabrication accuracy, scalability, durability, and cost-effectiveness, and the
requirements become more critical for mm-wave antennas having much smaller geometries, and
while producing biodegradable antennas using new materials. Current research focuses on
developing advanced manufacturing processes and mass-production techniques to make them a
practical alternative to traditional antennas.

The performance of wearable antennas may alter significantly due to their environment, such as
whether they operate in free space or are worn on-body. For instance, absorption of body moisture,
and physical changes in the body due to temperature change, sweating, etc. can impact the antenna
performance. The dielectric material used in antenna fabrication is a critical factor as this material
should be able to withstand mechanical stresses like bending, crumpling, and stretching. In addition,
the conductive part of wearable antennas must be resilient to performance degradations caused by
corrosion and mechanical deformations. As the body’s position changes frequently, the movement
causes a change in the distance between the transmitter and receiver which eventually causes changes
in the free-space path-loss as mm-waves are more affected by absorptions and attenuations than the
microwave frequencies. Smaller wavelengths at mm-waves lead to smaller devices and smaller
footprints. Precise and high-resolution manufacturing of flexible and conformal mm-wave
metasurfaces is significantly challenging due to the smaller geometries of the design.

In addition to antennas, flexible metasurfaces introduce unique challenges. At mm-wave and
THz frequencies, the precise fabrication of sub-wavelength unit cells on flexible substrates demands
high-resolution and low-cost techniques. Integration with wearable systems requires metasurfaces to
be stretchable, breathable, and biocompatible without compromising EM functionality [16].
Furthermore, reconfigurable metasurfaces for wearable or implantable devices must balance
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tunability, response speed, and power consumption while maintaining safety and reliability [17].
Another emerging challenge lies in the co-design of communication protocols and metasurface
control algorithms, which are essential to unlock their potential in practical IoE deployments [18].

Advances in Science and Technology to Meet Challenges

The research on new conductive textiles, such as conductive polymers, silver/copper-coated
fabrics, and graphene layers bonded on polymers has gained massive success in flexible antennas.
These materials have good conductivity while stretching, bending and folding, which makes them
suitable for wearable devices. Several additive manufacturing techniques have been introduced such
as inkjet printing [5], screen printing [6], 3D printing, laser etching [7], etc., however, achieving
reasonable accuracy and consistency in bulk manufacturing of much smaller geometries at mm-
waves could be a difficult task. Traditional conductive materials are corrosive in moisture and
humidity and their use in washable wearables can cause serious concerns to health and the
environment. Reported research has indicated the use of carbon-based conductive materials such as
graphene and carbon nanotubes which offer high electrical conductivity, good resistance towards
corrosion, and high chemical and thermal stability in non-oxidizing environments [8]. Mono-layer
graphene and carbon nanotubes offer remarkable electrical properties, and flexibility without
significant performance losses, however, industrial-scale graphene manufacturing faces challenges
in improving quality control, uniform layer growth, reproducibility of graphene flakes, and
increasing mass production and scalability [9].

Further research is needed to understand the characteristics of novel materials and develop
methods to mitigate possible hazardous effects and ensure their safe use in communication,
healthcare, entertainment, etc. with minimal ecological disruption. In addition, advanced
biodegradable materials such as biocompatible conductors, biopolymers, and cellulose-based
materials can be used in applications like biosensors, medical implants, and on-body wearable
gadgets and costumes, as they are non-toxic to human tissue. This biodegradability makes them
suitable for implantable antennas designed for humans and animals in biomedical applications as
they can degrade safely in the body after use. Another promising use of biodegradable materials is
in sustainable electronics, including antennas for eco-friendly applications to reduce electronic waste
(e-waste), especially as more disposable electronics are developed. Graphene and biodegradable
materials offer a promising future in mm-wave flexible antennas and printed metasurfaces
technology, with each material offering unique advantages for wireless communication beyond 5G
and wearables electronics. The high-performance characteristics of graphene at high frequencies, eco-
friendliness, and biocompatibility of biodegradable materials, can lead to significant advances in
mm-wave antenna designs and metasurfaces. However, challenges related to manufacturing
consistencies, performance optimization, and durability require further research and technical efforts
before the widespread adoption of these materials.

Concluding Remarks

In the 5t generation of technology and connectivity, the IoT has emerged as a transformative
force, redefining how we interact with the modern world. The deployment of IoT capabilities into
wearable devices has enabled seamless communication and created remarkable transformations in
wireless security, tracking, healthcare, and entertainment sectors. This article addresses the
significant role of mm-wave flexible antennas and metasurfaces in applications beyond 5G/6G,
critical challenges, and mitigation measures. For instance, e-textiles are usually designed on similar
materials to those used in other commercial electronic devices; metals such as copper, silver and gold,
and a range of materials hazardous to the environment. It is essential to explore and implement novel
biodegradable materials with properties of washability and susceptibility to corrosion to decrease the
global e-waste footprint and keep pace with the recent trend towards flexible implements and
wearables. Meeting the requirement for suitable textiles and noncorrosive conductive materials
creates new challenges related to miniaturisation, fabrication accuracy, and low-cost manufacturing.
Several novel biodegradable materials such as biocompatible conductive inks, biopolymers, and
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cellulose-based materials can be used in applications like biosensors, medical implants, and on-body
wearable uniforms and gadgets due to their non-toxic nature.

A promising future direction lies in developing biodegradable and recyclable metasurfaces
based on biopolymers, cellulose nanofibers, and conductive biodegradable inks. Such devices could
be designed for short-lifecycle applications (e.g., disposable medical wearables, environmental
sensors) where devices naturally degrade after use, thus addressing the growing e-waste crisis. In
parallel, hybrid approaches that combine long-lasting graphene-based metasurfaces with
biodegradable substrates can strike a balance between performance and sustainability. These
proposals pave the way for eco-friendly, high-performance metasurfaces that are compatible with
circular economy models in wireless electronics.
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Status

The ability to enhance electromagnetic scattering from small, subwavelength structures is of
great significance across fields as diverse as antenna design, RFID, backscatter communications and
remote sensing. For any given electromagnetically resonant structure, there is a theoretical limit to
how much a single scattering channel can interact with incident radiation — this is referred to as the
‘single channel limit’. The maximum scattering cross section (5CS) defined by the single channel limit
can be written for 2D and 3D structures[1,2] as-

22 322
02D lim = nr 03D lim = ni
where 7 is the surrounding refractive index.

Superscattering structures are designed in such a way that they can significantly beat this limit.
This is generally achieved by creating a system where multiple resonances occur at a given frequency
(‘'mode stacking’ — Figure 1a)), although recently other methods have been demonstrated. Mode-
stacking is typically achieved by controlling the internal structure of a scatterer, either to create
multiple layers with different resonances that can be designed to occur at the same frequency|[3,4], or
by selectively altering certain resonances of an existing structure so they occur at the same frequency
as others[5-7].

The mode stacking approach provides additional advantages over conventional scatterers, as it
enables the tuning of the bandwidth, directionality, phase and magnitude of the scattering cross
section through controlling interference of radiation scattered by different resonant modes. This can
be utilised to produce either omnidirectional or highly directive scattering (despite the compact size
of the scatterers), or to completely suppress the backscatter or forward scatter of the system at a given
frequency[8]. The early theory of superscattering was laid out by Ruan & Fan in 2010[3], and over the
past decade or so there has been significant interest in creating structures that generate this effect.

Applications for microwave superscatterers range from antenna design[9,10] (both driven
antennas and backscatter comms), to energy harvesting[11], to the radar detection of small objects
like quadcopter drones.
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Figure 1. a) An illustration of the principle of superscattering via ‘mode stacking” [4]. b) A multilayer

metamaterial superscattering cylinder that can stack three resonant scattering channels[4]. c¢) A 3D printed
localised spoof plasmon superscatterer[12]. d) A wire bundle superscatterer[13]. e) A gain metasurface

superscatterer[14].

Current and Future Challenges

Whilst there have been many demonstrations of superscatterers in the literature, few of these
have materialised into workable applications. The challenges in the field of superscatterers can be
largely broken down into three categories: directivity, bandwidth, and fabrication.

In terms of directivity, whilst three or more modes have been successfully superimposed to give
powerful superscattering an order of magnitude above the single channel limit, a problem faced by
this approach is that when many modes are superimposed, unless great care is taken, the interference
in the far field will suppress backscatter and enhance forward scattering[6,7]. So whilst the SCS value
can seem impressive, the (generally useful more useful) backscattering can actually be supressed
compared to that of a simple, single resonance scatterer.

Another key challenge with superscatterers is the highly narrow bandwidths of operation
necessitated though the operation of scattering by several modes at once. Due to the necessary
involvement of higher order, high-Q modes, these structures tend to be highly narrowband. Research
to improve the bandwidth and/or produce reconfigurable superscatterers, would strongly enhance
their utility for many applications.

In terms of fabrication, many superscatterers require either complex layers of metamaterials and
dielectrics, or expensive, heavy ceramics to operate, which reduces their utility in many applications.
Moving to more compact, lighter weight materials will be key for moving from scientific
demonstrators towards applications.

Advances in Science and Technology to Meet Challenges

Recently there has been increasing diversification in the type of superscatterers available.
Ginzburg et al have designed superscatterers based on wire bundle structures (Figure 1d)[13], which
are very compact, easy to fabricate, and lightweight but with a strong scattering response. A
disadvantage of these designs is that they are strongly forward scattering, and it has yet to be
demonstrated if they could be optimised for improving backscatter. 3D printed structures(Figure 1c)
have also taken a foreground, which are simple and relatively cheap to fabricate, and can be designed
to be broadband[12,16], but at a reduced scattering power.

Another design that takes a different approach, has been shown by Qian et al[14], who created
a single channel superscatterer using a circular metasurface with gain components (Figure 1e). This
means that a single resonant channel can scatter radiation far in excess of the theoretical limit, and as
there is no interference between modes, so a strong degree of backscatter can also be achieved. The
disadvantage here is that this material is not totally passive and does require a modest power source.

Whilst recent advances have approached some of the challenges faced by superscatterers, there
remain significant issues to be addressed. To the author’s knowledge there has been no attempt so
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far to make tunable electromagnetic superscatterers at RF frequencies, although interestingly, this
has recently been demonstrated for acoustics[17]. This is surprising, as the potential for active
superscatterers seems obvious, e.g. for compact IoT/backscatter communications tags, or
environmental sensors. As there can be three or more resonances in a very small frequency space,
significant control over the phase, and scattering power, (both as a function of direction) can be
achieved by switching different resonances on or off. This enables a wide range of waveforms to be
modulated onto scattered signals. Wire-based tunable superscatterers could be made reconfigurable
using similar techniques to tunable metamaterials, such as integrating varactor diodes or other
electronic components, though control of the separate modes presents interesting research challenges
[18]. Meanwhile dielectric superscatterers may be produced using phase change media or fluidics.

Concluding Remarks

Superscatterers have demonstrated an unprecedented level of control over the manner in which
a subwavelength structure can interact with, and redirect electromagnetic radiation. Previous works
show that through utilising ‘mode stacking’, (as well as other approaches), significant control over
the power, directivity and bandwidth of the scattering cross section of small objects can be achieved.
However, challenges remain in terms of maximising backscatter, fabrication and bandwidth. For
future work we recommend firstly more research into gain-based superscatterers, possibly
combining the properties of these scatterers with a mode stacking approach. And Secondly, the
design and creation of ‘active superscatterers’, where resonances can be switched on or off to
modulate the phase, power, and directivity of scattering, and whose greatly increased versatility will
enable applications in backscatter communications, antennas, RFID and environmental sensing.
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The Roadmap presents a comprehensive overview of the current state, challenges, and emerging
opportunities for metamaterials across wireless communications, sensing, healthcare, defence, and
manufacturing. The field of microwave and wireless metamaterials is undergoing a transition, from
foundational scientific exploration to system-level deployment, driven by innovations in materials,
design, computation, and integration.

Conclusions
Fundamental Research

The evolution of metamaterials has moved beyond conceptual explorations to focus on
enhanced control of electromagnetic waves through structured materials. Fundamental research has
enabled key functionalities, such as programmable phase control, beam shaping, polarisation
manipulation, and spectral selectivity. Particularly notable is the development of Reconfigurable
Intelligent Surfaces (RIS), which embody the convergence of electromagnetics, control theory, and
communications engineering. THz metasurfaces are also emerging as critical tools for future 6G
networks, enabling joint communication and sensing capabilities with unprecedented resolution.

Nonetheless, the field faces significant scientific challenges. Resonance-based behaviour,
angular dependence, and narrow operational bandwidths remain limiting factors. Additionally,
simulation and modelling tools must evolve to incorporate fabrication tolerances, environmental
variability, and multiphysics interactions across electrical, thermal, and mechanical domains.

Applied Research

From an applied perspective, metasurfaces are poised to transform wireless networks,
healthcare monitoring systems, radar and stealth technologies, and bioelectronic implants. In 5G and
beyond, metasurfaces offer a paradigm shift—turning passive environments into programmable
communication media. RIS-enabled systems are beginning to demonstrate tangible gains in signal
strength, energy efficiency, and spatial coverage. In healthcare, RIS and metasurfaces are powering
non-invasive sensing, localisation, and wireless power transfer to wearable and implantable devices.

Moreover, radar cross section (RCS) reduction using metasurfaces is progressing toward
adaptive, lightweight, and conformal designs for stealth applications. Flexible, scalable, and low-loss
metasurfaces are now being actively researched for deployment on curved and complex platforms.
However, a key limitation in all these sectors remains the difficulty of translating lab-scale prototypes
into robust, mass-producible solutions.
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Future Directions

The roadmap identifies several strategic directions to advance the field of wireless and
microwave metamaterials, across both fundamental and applied dimensions:

A. Intelligent and Adaptive Metasurfaces

Future metasurfaces will need to be self-configuring, context-aware, and autonomously
adaptive. This calls for tighter integration of AI/ML algorithms to optimise design, manage tuning
states in real-time, and adapt to dynamic electromagnetic environments. Intelligent surfaces will not
only reflect or transmit waves but will become functional nodes within cyber-physical systems.

B. New Material Platforms

Breakthroughs in material science are central to the next wave of innovation. Research into
flexible, stretchable, biocompatible, low-loss, and transparent materials will enable novel
applications, from wearable electronics to space-conformal radar coatings. In parallel, nonlinear and
quantum metasurfaces could unlock advanced functionalities for sensing, imaging, and secure
communication.

C. Scalable and Sustainable Manufacturing

As the field matures, design-for-manufacture principles must be embedded into early-stage
research. Techniques such as additive manufacturing, roll-to-roll processing, and hybrid fabrication
offer viable paths forward but require further alignment with electromagnetic performance
requirements. Sustainability considerations—such as recyclability, energy use in production, and
end-of-life strategies —must become embedded in design cycles.

D. Multiphysics and Multiscale Modelling

To bridge the gap between design and deployment, new computational frameworks are needed.
These must simultaneously model electromagnetic, mechanical, and thermal behaviours across
multiple length scales, from subwavelength meta-atoms to system-level enclosures. Such models will
support the co-design of metasurfaces with antennas, packaging, electronics, and controllers.

E. Energy Efficiency and Harvesting

Powering metasurfaces remains a challenge, particularly for remote and embedded applications.
Research into ultra-low-power control circuits, energy harvesting, and wireless powering
architectures will be essential. In healthcare, for example, wireless metasurfaces must operate safely
within human tissue while maintaining stable performance over time.

F. Integration with Communication and Sensing Systems

Future networks—whether in 6G, vehicular autonomy, or smart infrastructure—will require
metasurfaces to function as system components, not standalone elements. This involves integration
with RF front-ends, digital control, localisation algorithms, and even cryptographic systems for
security. Joint communication and sensing platforms will increasingly rely on metasurfaces for
spatial and spectral agility.

G. Ethical, Legal, and Regulatory Alignment

Widespread deployment of metasurfaces in public and personal domains introduces new
regulatory and ethical considerations. Issues such as electromagnetic exposure limits, data privacy in
sensing applications, and shared-spectrum coexistence require urgent attention. Engaging with
policymakers and standardisation bodies (e.g., ETSI, ITU) will ensure responsible innovation.

H. Interdisciplinary and Cross-Sector Collaboration

The future of metamaterials is interdisciplinary. Achieving their full potential requires
collaboration among materials scientists, electromagnetics engineers, communication theorists, data
scientists, and system integrators. Furthermore, partnerships with industry and government agencies
will accelerate technology translation and policy alignment.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202510.1152.v2
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 October 2025 d0i:10.20944/preprints202510.1152.v2

36 of 36

The Road Ahead

Microwave and wireless metasurfaces are reaching an inflection point. Their promise extends
far beyond niche applications, touching nearly every sector reliant on electromagnetic systems.
However, realising their full impact demands a shift from component-centric thinking to system-
level, application-driven design. The research community is now challenged to innovate not just in
discovery, but in translation, scalability, and societal integration.

As this roadmap illustrates, the UK metamaterials community is well-positioned to lead in this
field. Continued investment in fundamental science, practical engineering, manufacturing readiness,
and cross-sector collaboration will ensure metamaterials become a core pillar of next-generation
wireless and microwave technologies.
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