
Journal of Physics D:
Applied Physics      

ROADMAP

The 2024 acoustic metamaterials roadmap
To cite this article: G J Chaplain et al 2025 J. Phys. D: Appl. Phys. 58 433001

 

View the article online for updates and enhancements.

You may also like
Determining absolute neutrino mass using
quantum technologies
Alan A.S. Amad, Frank Deppisch, Markus
Fleck et al.

-

Theoretical analysis and experimental
verification of effective properties and
wave-manipulation capabilities in hollow
rectangular acoustic metamaterials
Xinglin Liu, Qi Li and Yue Kong

-

Application of machine learning on the
design of acoustic metamaterials and
phonon crystals: a review
Jianquan Chen, Jiahan Huang, Mingyi An
et al.

-

This content was downloaded from IP address 77.231.54.86 on 24/10/2025 at 09:50

https://doi.org/10.1088/1361-6463/add306
/article/10.1088/1367-2630/adc624
/article/10.1088/1367-2630/adc624
/article/10.1088/1402-4896/ae0d10
/article/10.1088/1402-4896/ae0d10
/article/10.1088/1402-4896/ae0d10
/article/10.1088/1402-4896/ae0d10
/article/10.1088/1361-665X/ad51bc
/article/10.1088/1361-665X/ad51bc
/article/10.1088/1361-665X/ad51bc
https://pagead2.googlesyndication.com/pcs/click?xai=AKAOjsuOLfNDTzLigNAlx_EnyasITdXNcG0ZkKkGLeWHA46hHHgYFFjtK9PyZ6v-uYPxMPWK4Vj_xHZG9f4DVU4JlgnlMhyEjMXd866MIoS8sFlrHz8aJ7Qxa1tQ92UkIOmD0MWoEl8nhzyf0lhCsp3udvJJwL57kIDfXWrnMPTa8iAXAAxrSLg5f2b5ev17fzk4LRv_zQblts3Uzqz_mm2H2G5MCoBA_jMS4FbuEHMRTWsqGj9Jg1l16zW-1c-BReBO8Tmny1zSf4laHy2lG-rz1MLLoRaBxNkwSdud6VX52DsFhcubEWyeBkO0n9Euhuxy5FKgICMDlsEdjOtyDvnT7-KaXMzJIXar5HBYCh0attG2NvIlg73KObky&sig=Cg0ArKJSzMw47j31P_kL&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://www.electrochem.org/249%3Futm_source%3DIOP%26utm_medium%3Dbanners%26utm_campaign%3DIOP_249_abstract_submission%26utm_id%3DIOP%2B249%2BAbstract%2BSubmission


Journal of Physics D: Applied Physics

J. Phys. D: Appl. Phys. 58 (2025) 433001 (51pp) https://doi.org/10.1088/1361-6463/add306

Roadmap

The 2024 acoustic metamaterials
roadmap

G J Chaplain1,26,∗, F Langfeldt2, V Romero-García3, N Jiménez4, Y Meng5,
J Boulvert6, J P Groby5, V Pagneux5, D B Moore1, A P Hibbins1, J R Sambles1,
T A Starkey1, B-I Popa7, Z Zhang8, J Christensen9, X Wen10, J Li1,10, R Fleury11,
S P Wallen12,13, M R Haberman12,13, M I Hussein14, G Memoli15, G Fusaro16,
D D’Orazio16, L Barbaresi16, M Garai16, L Chisari15,17, P Mittal18, Z Qi19,
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Abstract
Today, acoustic metamaterials (AMMs) form a core area of metamaterial research. They offer
bespoke wave control, achievable through their rationally designed structure and are at the
forefront of metamaterial applications and commercialisation. They find purpose across science
and defence sectors in wave filtering, sensing, communications, energy harvesting, thermal
emission control, and aeroacoustics, to name but a few. They enjoy success in metropolitan
environments with designer audio and noise mitigation falling within their remit; AMM
technologies are already penetrating the market across audio and healthcare sectors. The
landscape of AMM research is continually expanding, now incorporating several wave regimes
under a broader definition that we adopt here. The diversity of AMM research displays how they
exist not only to translate electromagnetic phenomena, but also to provide a unique platform for
exploring all metamaterial physics, and for solving key societal challenges. The aim of this
Roadmap is to present a summary of the state of AMM research and innovation in 2024, with
opinions on the challenges and future opportunities from a group of renowned experts, covering
key interdisciplinary areas from fundamental acoustics to device implementation.

Keywords: acoustic metamaterials, noise control,
canonical subwavelength acoustic metamaterials, acoustic metamaterials for flow,
programmable acoustic metamaterials
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1. Introduction

G J Chaplain

Centre for Metamaterial Research and Innovation, University
of Exeter, United Kingdom

Acoustic metamaterials (AMMs) grant unprecedented control
over acoustic wave fields. By eliciting designer wave interac-
tions, these materials have the potential to unlock new sci-
ence and technology for a range of transformative applic-
ations for example in audio, healthcare, and noise mitiga-
tion, some of which shall be showcased in this roadmap.
Alongside this, AMMs provide an ideal platform for explor-
ing metamaterial phenomena and enable translational research
between wave-regimes by allowing underlying theory to be
tested by accessible experimental verification. The advent of
AMMs has reignited a concerted research effort into acous-
tics in both academic and industrial communities, with their
importance exemplified by special interest groups within two
national networks, the UK metamaterials network (UKMMN)
and the UK acoustics network (UKAN). Both networks strive
to bring together experts from academia, industry, and gov-
ernmental agencies and have promoted acoustics, and AMMs,
both nationally and internationally. The future success of
AMMs for societal benefit relies on translation from academic
settings via collaboration with industrial partners to address
current and future challenges in the commercial space.

This roadmap aims to facilitate a bridge between the
dichotomy of academic research and industrial applica-
tions, from fundamental science to device implementation. It
details snapshots of the current status of several sub-themes
in AMMs and the corresponding current and future chal-
lenges, and the advances required to meet those challenges.

It forms part of a series of roadmaps providing a com-
prehensive review of the state-of-the-art in metamaterials
science in 2024, over two decades since the phrase was
coined, and demonstrates the breadth of AMM research
globally.

Here we aim to cover as broadly as possible the depth of sci-
entific research that could be considered under the umbrella of
acoustics, avoiding the limitations of a semantical definition
of AMMs (a coherent, global definition of metamaterials in
general is an aim of the UKMMN). To this end we focus
on rationally designed structures that specifically manipulate
either acoustic pressure waves or flow in a fluid, or elastic
waves in a solid, displaying phenomena that is not possible
without the additional structure; the exquisite control achieved
should not rely on inherent material properties. As such, in
addition to conventional AMMs (that manipulate airborne
sound, for example), seismic metamaterials for the manipula-
tion of elastic vibrations feature here, as do phononic crystals,
and even nanophononic metamaterials. This inclusive choice
was motivated through observation of how perceptions of the
definition and applications of AMMs has changed year-on-
year at various UKAN and UKMMN events in both academia
and industry.

Here we include topics from leading experts in AMM
research, that are grouped together according to the themes
of (1) canonical subwavelength AMMs for dispersion engin-
eering, absorption, diffusion, and holography; (2) program-
mable AMMs including topological, time-varying, active, and
non-reciprocal AMMs; (3) AMMs for flow, particularly with
applications to turbulence; (4) AMMs for noise and vent-
ilation, including advanced sound systems; (5) ‘extended’
AMMs, that includes seismic and nanophononic AMMs; and
finally (6) manufacturing, metrology, and scale-up of AMMs.
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Canonical subwavelength AMMs

2. Breaking the mass-law using thin and
lightweight AMM plates

F Langfeldt

Institute of Sound & Vibration Research, University of
Southampton, United Kingdom

Status

Reducing low-frequency noise with thin and lightweight struc-
tures is a huge challenge in acoustics. At low frequencies, the
sound transmission through a homogeneous wall is governed
by the mass-law, which states that the sound transmission loss
(TL) increases by 6 dB per frequency doubling or mass doub-
ling. Thus, to significantly improve the STL of a mass-law
governed structure at a given frequency, a large increase of
its mass is required, which is often prohibitive in noise control
applications.With the advent of AMMs in the year 2000, many
new ways of controlling sound—and, consequently, noise—
emerged and ‘breaking the mass-law’ became a major goal in
the design of noise control treatments using AMMs.

In 2008, Yang et al [1] proposed a membrane-type AMM
(MAM), consisting of a pre-stressed membrane and rigid
masses attached to the membrane. Despite being only sev-
eral millimetres thin and weighing less than 1 kg m−2, their
MAM was able to break the mass-law by more than 20 dB.
This breakthrough paper sparked a lot of follow-up research
aiming at overcoming the mass-law using MAM and other
thin plate-like AMM designs. One example, closely related
to MAM, are plate-type AMMs (PAM). PAM have a very
similar structure as MAM, however instead of a membrane
the added masses are attached to a baseplate without pre-
stress [2]. This has several advantages, as the pre-stress of
a membrane needs to be sustained by a possibly heavy grid
structure and can change, e.g. due to temperature or ageing
effects. Figure 1 shows an example of a PAM design and its
TL. It can be clearly seen how the metamaterial’s TL exceeds
the mass-law around the so-called anti-resonance frequency
of the PAM. Other noteworthy examples for AMM plate
designs are cellular metamaterial panels [3] and vibro-AMMs,
consisting of plates with periodically distributed mechanical
resonators [4].

Apart from a few commercialisations which are not pub-
licly available due to trade secrets, these AMMs-based noise
reduction technologies have not yet made it into wide-
spread practical applications, for the reasons outlined below.
However, since noise has a strong negative impact on the
health and wellbeing of humans, a lot can be gained by fur-
ther advancing this field towards more practical solutions.

Current and future challenges

One key challenge for AMM plates is the narrow bandwidth.
An example for this can be seen in the PAM TL plot shown in

Figure 1. Top: example of a plate-type acoustic metamaterial
(PAM), consisting of circular masses periodically attached to a thin,
flexible baseplate. Bottom: sound transmission loss of the PAM
compared to the mass-law (1 kg m−2).

figure 1. The narrow bandwidth limits the practical relevance
of metamaterial plates to very few applications which involve
tonal noise at fixed frequencies (e.g. transformer noise). The
impact of noise control measures containing AMM plates
would be much bigger, if they could be designed to control
low-frequency noise over much wider frequency ranges. It
has been demonstrated that this can be achieved by stack-
ing multiple layers of metamaterial plates tuned to different
frequencies [5]. This, however, increases the overall thick-
ness of such panels. An alternative approach is to use a single
metamaterial plate containing differently tuned unit cells. It
has been demonstrated theoretically that this can achieve
equal bandwidth enhancements as stackingmultiple layers [6],
but an experimental demonstration of a single-layer metama-
terial plate with a large noise insulation bandwidth is still
outstanding.

Apart from the narrow bandwidth, lightweight AMM
plates also typically exhibit a strong reduction of noise
insulation performance at higher frequencies. This can also
be seen in the TL plot shown in figure 1. Consequently,
even though low-frequency noise can be reduced well using
an AMM plate, this comes at a cost of high-frequency
noise being augmented, compared to a homogenous wall
with the same mass. Thus, there is a need for improved
AMM plate designs with better high-frequency perform-
ance, for example by combining metamaterials with porous
absorbers.

4
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Another major challenge is the manufacturing of AMM
plates. Especially for thin and lightweight designs consist-
ing of thousands of unit cells per square meter, conventional
manufacturing methods (e.g. milling) as well as more recent
methods like additive manufacturing are too time consum-
ing and too costly to make AMM plates a commercially
viable low-frequency noise control solution. Thermoforming
has been explored as a cost-effective process to manufacture
large and lightweight AMM panels [7], which, however, still
required the use of milling and application of added mater-
ial to achieve the desired behaviour. Related to this man-
ufacturing challenge is also the difficulty in predicting the
sound insulation performance of AMM plates when scaled
up to practically relevant sizes and when exposed to real-
istic boundary conditions. In the design phase of AMM plates,
unit cells with periodic boundary conditions and plane incid-
ent acoustic waves are usually considered for computational
efficiency. Real metamaterial structures, however, will always
be finite and can be subject to different boundary conditions
(e.g. clamped or elastic boundaries) and acoustic excitations
(e.g. diffuse sound fields) that can lead to different acoustic
behaviour.

Advances in science and technology to meet
challenges

Based on the challenges outlined above, science and techno-
logy need to advance towards improving the bandwidth and
high-frequency performance of current AMM plate concepts,
without losing their thin and lightweight properties. A prom-
ising route to achieve this is by combining different noise
reduction mechanisms, possibly derived from other AMM
solutions, into a single AMM plate design. A recent example
for such a multi-functional or multi-modal metamaterial plate
combines a PAM design with Helmholtz resonators to achieve
an increase in bandwidth without increasing the mass of the
PAM [8]. Optimization methods and generative artificial intel-
ligence could be synergized to create new unit cell designs
for AMM plates that exhibit an improved bandwidth as com-
pared to current designs. This could be particularly fruitful for
AMM plate designs for which no straightforward relationship
between the unit cell design and the resulting anti-resonance
frequencies exists.

There is also a need for more fundamental research about
the physical limitations of AMMplates. It is still not clear what

is possible to achieve with thin and lightweight AMMplates—
and what is not possible. Open research questions that need to
be addressed are, for example: Is there a fundamental limit for
how much the mass-law can be exceeded using AMM plates?
Or, can the high-frequency noise insulation reduction, that is
typical for lightweight AMM plates, be avoided with newly
developed designs?

For meeting the manufacturing challenge, appropriate and
cost-effective manufacturing processes need to be identified,
ideally in close collaboration with the relevant industry. Thin
and flexible AMM plate designs could possibly be manu-
factured in large quantities on rolls, using roll-to-roll pro-
cesses. For metamaterials consisting of many small resonat-
ors, pick-and-place processes, known from electronic circuit
board manufacturing, could be a viable solution. Taking this
further, common manufacturing methods in electronics could
also be a way forward to realizing active AMM plates, which
use sensors, actuators, and control circuits to enhance the
bandwidth and re-configure anti-resonances of metamaterial
plates [9].

Overall, the full noise reduction potential of thin and
lightweight metamaterial plates will be transformed into
practically relevant solutions more quickly by promot-
ing and facilitating collaborations between researchers,
industry, and policy makers, e.g. through knowledge
sharing platforms or funding streams targeted at tech-
nology maturity enhancement of emergent noise control
technologies.

Concluding remarks

The advent of AMMs opened up new ways of breaking
the mass law, promising to transform the way how noise
problems will be tackled in the future. Many different thin
and lightweight AMM plates with exceptional low-frequency
noise insulation have since been proposed. As outlined in
this contribution, the main challenges needed to be addressed
before AMM plates can become a widespread noise con-
trol solution are the bandwidth, the high-frequency behaviour,
and the manufacturability at larger scale. With these chal-
lenges being overcome in future research, AMM plates, due
to their light weight and low thickness profile, will have a
versatile application portfolio to reduce noise and improve
the health and wellbeing of many humans being plagued by
noise.
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3. Metamaterial absorbers, diffusers, holograms,
and waveguides—deep subwavelength and
broadband perfect absorption by AMMs

V Romero-García1, N Jiménez2, Y Meng3, J Boulvert4,
J -P Groby3 and V Pagneux3

1 Instituto Universitario de Matemática Pura y Aplicada
(IUMPA), Universitat Politècnica de Valencia (UPV),
València, Spain
2 Instituto de Instrumentación para Imagen Molecular (I3M),
Consejo Superior de Investigaciones Científicas (CSIC),
Universitat Politècnica de València, València, Spain
3 Laboratoire d’Acoustique de l’Université duMans (LAUM),
UMR 6613 CNRS, Le Mans, France
4 Sil&Add, Le Mans, France

Status

AMMs consisting of locally resonant building blocks [10]
have represented a significant evolution for the material design
strategies to engineer acoustic treatments with controlled and
tailor-made acoustic wave propagation properties. The Physics
of the locally resonant building blocks imposes the frequency-
dependent behaviour of the macroscopic effective dynamic
properties, in some cases with extraordinary values [11, 12]. It
allows for several applications in wave filtering, sensing, com-
munications, energy harvesting, and thermal emission con-
trol among others. Perhaps the most known feature of these
AMMs is their subwavelength behaviour, i.e. their ability to
control waves, whose wavelength is much greater than the
characteristic size of the metamaterial. The proper design
of the locally resonant building blocks considering both the
resonance frequency and balance between the viscothermal
and/or viscoelastic losses with the energy leakage, as well as
the interaction between the resonant building blocks, paved
the road to design deep-subwavelength and broadband per-
fect absorbers [13, 14]. This is a scientific and technolo-
gical challenge that requires to solve a twofold complex prob-
lem: reducing the dimensions of the structure while increas-
ing the number of resonances at low frequencies with the
good conditions to impedancematch the systemwith the back-
ground medium. Both the universality and the possibility of
perfect absorption makes it a fascinating topic not only for
fundamental research but also to develop different applica-
tions as it is at the heart of its technological relevance in the
broad field of wave physics. Moreover, low frequency sound
and vibrations represent one of the major societal problems
imposing both health issues and annoyance to most of the
population around the world and impacting several indus-
trial sectors as aeronautics or civil engineering among oth-
ers. Recent results have shown realistic samples based on
AMM solutions for the perfect absorption in the reflection
[15, 16] and transmission [17, 18] problems. However, fur-
ther advances are needed to improve the broadband behaviour

always accounting for the imposed constraints by the causality
principle [19].

Current and future challenges

The current main challenge is the design of subwavelength
broadband prefect acoustic absorbers in realistic conditions.
To do that theoretical modelling is used to obtain the scat-
tering matrix, S, relating the outgoing to the incoming com-
plex amplitudes of the scattered and incident waves. Energy
conservation and time reversal symmetry imply both the unit-
arity of the scattering matrix, i.e. S†S= I, and the condi-
tion, S∗S= I, respectively. In the lossless case, these two
conditions imply equality of the modulus of the reflection
coefficients from both sides and the reciprocity condition
implies equality of the transmission coefficients from both
sides in addition of the energy conservation. Therefore, the
scattering matrix of a lossless time-reversible system has
always the same form regardless of the physical nature of
the involved wave fields and the complexity of the analysed
structure. On the one hand, in the case of a reflection prob-
lem (i.e. the incident wave is only reflected and not trans-
mitted) the eigenvalues of the scattering matrix collapse to
the reflection coefficient. Then, in the presence of losses, the
impedance matching conditions or critical coupling condi-
tions implying the perfect absorption can always theoretic-
ally be obtained [15]. On the other hand, in ventilated prob-
lems (i.e. a transmission problem considering both reflection
and transmission coefficients) perfect absorption occurs when
the two eigenvalues of the scattering matrix are zero at the
same frequency. This condition can only be fulfilled in some
cases:

(1) In non-mirror symmetric systems unidirectional perfect
absorption can be reached.

(2) In mirror symmetric systems:
(a) Point resonators: Only one type of resonance can

be excited, therefore only one of the two sub-
problems (symmetric or antisymmetric) can be imped-
ance matched and thus the maximum absorption is
50% [14].

(b) Degenerate resonators: Symmetric and antisymmet-
ric resonances can be both excited and impedance
matched. In this way, the two sub-problems can be crit-
ically coupled, and perfect absorption can be obtained
from both sides of the system [17].

Fulfilling the conditions to obtain perfect absorbers in
purely reflection (see figures 2(a)–(c)) and transmission (see
figures 2(d), (e) and 3) problems represents one of the current
challenges in the AMM community. The broadband character
is usually obtained by properly coupling several resonators at
close frequencies in the range of interest [14, 18] as well as by
using other absorption phenomena provided by porous mater-
ials or perforated plates. The challenge appears when wide
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Figure 2. Single frequency perfect absorber for the reflection
(a)–(c) and transmission (d), (e) problems from [15] and [17],
respectively.

treatments allowing ventilation are needed. In this case, the
quality factor of the resonators is high and then their effects are
narrow in frequency. In addition, evanescent coupling has been
revealed unavoidable for the proper design of the absorbers
[14].

Previous discussion and the current advances in the topic
of acoustic absorption are focused on the linear and reciprocal
regime. However, new venues can be envisaged by exploit-
ing the nonlinear and the non-reciprocal sides of the acous-
tic absorption. On the one hand, concerning the non-linear
regime, high level noise is present in aerospace or industrial
applications. Therefore, the design of nonlinear broadband
perfect absorbers represents a future challenge in the topic of
acoustic absorption. On the other hand, non-reciprocal acous-
tic devices, often found in engines and ventilation systems
with background flows, pose another scientific challenge to
the topic of acoustic absorption by breaking the symmetry of
sound transmission between two points in space. The limita-
tions of the linear and reciprocal problems can be overpassed
by acoustic circulators or thermoacoustic systems. In such sys-
tems, if their properties are properly designed wave propaga-
tion occurs in one direction and it is completely blocked in the
reverse direction, violating one of the most basic principles
of acoustics and providing an ideal situation to design perfect
absorbers.

Figure 3. Broadband perfect absorbers in the transmission problem
for wide rectangular (a) and circular (b) ducts from [14] and [18],
respectively.

Advances in science and technology to meet
challenges

The precise manufacturing of AMMs is fundamental to their
demanded performance. In this sense, the advances in manu-
facturing techniques, such as additive manufacturing and nan-
ofabrication, will enable precise control over the geometry and
composition of metamaterial structures. This level of control
will allow researchers to design and produce materials with
tailored acoustic properties in a precise way.

Ensuring that metamaterials are not only effective in labor-
atory settings but also practical for real-world applications is
crucial. On the one hand, as the problem is closer to reality,
the complexity of the theoretical model increases. Therefore,
advances in computational tools and simulations will play a
crucial role in designing and optimizingmetamaterials for spe-
cific acoustic absorption requirements. Advances in numerical
modelling techniques will allow researchers to explore a vast
design space efficiently. On the other hand, scalable produc-
tionmethods and assessing the long-term durability and stabil-
ity of metamaterials in various environments are crucial con-
siderations not only for metamaterials designed for acoustic
absorption but also for any material or technology.

7
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Concluding remarks

The quest for subwavelength broadband perfect absorbers,
addressing societal challenges in noise pollution, needs
overcoming intricate theoretical and practical problems.
Achieving perfect absorption requires innovative coupling
strategies. The exploration of nonlinear and non-reciprocal

dimensions can open new avenues, promising breakthroughs
in addressing high-level noise and breaking symmetry in
sound transmission. As technology advances, precision
in manufacturing, scalability and industrial 3D printing,
practical applicability, and long-term stability assessments
become pivotal for the potential of AMMs in real-world
scenarios.
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4. Acoustic surface waves: controlling sound with
structured surfaces

D B Moore, A P Hibbins, J R Sambles and T A Starkey

Centre for Metamaterial Research and Innovation, University
of Exeter, Exeter, United Kingdom

Status

Since the advent of metamaterials, there has been a notable
resurgence in the study of acoustic materials, with a particu-
lar emphasis on the exploration of acoustic ‘metamaterials’ or
‘metasurfaces’ designed for controlling sound in both air and
underwater [20]. Drawing inspiration from analogous stud-
ies in the electromagnetic domain, these designer materials
exhibit material properties that have acoustic responses gov-
erned by the interaction of sub-wavelength, often periodic,
resonant elements. By using these metamaterial properties,
new intellectual ideas and research methodology have been
developed to overcome long-established challenges in the field
of acoustics but has also enabled fundamentally new science
for the advanced control of sound.

AMMs typically rely on local interactions between reson-
ant elements. In some materials this interaction is mediated
by ‘Acoustic Surface Waves’ (ASWs), sometimes referred to
‘Spoof Surface Acoustic Waves’ or ‘leaky guided modes’.
Thesewaves exist trapped at ametamaterial-fluid interface and
are mediated by the diffractive-coupling of local resonators by
the bounding fluid. They propagate at sub-sonic speed along
the surface, and decay exponentially normal to it [21], in a
manner analogous to the dispersion of spoof surface plasmon
polaritons on a structured metallic substrate. These contrast
with surface acoustic waves, such as Rayleigh waves which
exist at the surface of an elastic solid, and do not require an
adjacent fluid.

An acoustically rigid surface adorned by a periodic tiling
of unit-cells that contain a resonator is a simple example of a
surface that may support ASWs. Typically, the unit-cell will be
comprised of a single resonant element, such as a Helmholtz or
membrane resonators [22, 23], or multiple-coupled resonators.
When unit-cells decorate a rigid surface to form a 1D strip or
2D surface, the supported ASWs can be steered along arbitrary
paths and corners (see figure 4 for an example) [24, 25].

In airborne acoustics, it has been shown that ASWs are
important for medicating near-field interactions that occur
in metamaterials that exhibit enhanced acoustic transmission
or subwavelength imaging, collimation and focusing. Since
the ASWs propagate wholly within the bounding fluid, these
waves have demonstrated a sensitive response to chemical
composition or temperature dependence of the air through
which the wave propagates [26].

Current and future challenges

To utilise ASWs for applications in fundamental physics
or in acoustic engineering applications, their propagation
behaviour often requires careful control by engineering their

Figure 4. Example of steering sound on an arbitrary path using
resonant cavities. Schematics showing (a) reduced resonator depth
and supported surface mode evanescently decaying in z, and (b)
path through the sample indicated by blue line. (c) Simulated
pressure field above the surface.

dispersion relation, constrained by some physical require-
ments. Space, scale, and weight are common considerations
which drive the desire for compact devices; this results in,
often competing, requirements on the operating frequency,
frequency bandwidth, and degree of attenuation of an ASW.
Here we present some of the associated challenges:

1. Dispersion engineering: controlling wave propagation,
velocity, and direction, has given rise to control via rational
design using principles such as unit-cell structure factor
(for example unit-cells in figure 5) to enable the ready
control of band gaps, negative dispersion, band pinching
and other such phenomena resulting from the degrees of
freedom (DOF) and their connectivity within and between
neighbouring unit-cells. The development of novel con-
trol strategies remains an active research area with ana-
logues from solid-state physics frequently demonstrating
novel wave transport.

2. Physical requirements: the miniaturisation of ASW device-
form-factor is a challenge, because simple volumetric res-
onators require increasing internal dimensions to produce
a resonance of decreasing frequency. One route to over-
come this may be combining volumetric resonators into
coupled resonator systems, for example with membranes,
which could be used to tune operating frequencies. A fur-
ther challenge in reducing the dimensions of a sample is
the increased effects of isothermal boundary layers introdu-
cing loss channels. At reduced scales, these boundary lay-
ers occupy a larger percentage of the geometry, leading to
increased losses which limit the potential miniaturisation of
devices, except for absorbers.

3. Fabrication and manufacturing: additive manufacturing
methods are ideally suited for fabricating metasurface
geometries. However, access to a palette of soft materials
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Figure 5. Example unit-cell geometries for utilising Frieze
symmetry operations to control bandgaps or band pinching.
Reproduced from [28]. CC BY 4.0.

(plastics) with well characterised material properties sub-
ject to print parameters is needed to enable easier explora-
tion of acoustic-elastic coupled acoustic modes. In addition,
a smooth surface finish is required so as not to contribute
additional scattering effects or small loss channels.

4. Dynamic tunability: the dispersion properties of metasur-
face samples supporting ASWs are typically fixed at fab-
rication, with (small) dynamic changes possible by chan-
ging the fluid properties, e.g. temperature. Future devices
that utilise active or time-varyingmaterials or elements may
be employed for dynamically-actuated and multifunctional
acoustic metasurfaces.

Advances in science and technology to meet
challenges

Advances in the metamaterial field continue to address many
of the challenges outlined above. The engineering of surface
mode dispersion advances by using ideas developed in electro-
magnetism or condensed matter physics [27], as well as from
fundamentally new concepts for acoustic materials. Synergy
between new wave control strategies and, for example, addit-
ive manufacturing present opportunities in future science and
engineering in this space. 3D printing as an approach to
fabricating devices has become increasingly viable through

optimisation of the printing procedure, which has led to more
complex structures being fabricated, such as embedded wave-
guides for designer-symmetry waveguides [29] or for mixed-
range acoustic interactions [28]. The latter is an example of
taking ideas from solid-state-physics whereby unit-cells can
be carefully connected to distant cells, to produce an interac-
tion that goes beyond the nearest neighbour, that gives rise
to dispersion relations mimicking those of Rotons in liquid
Helium, with the analogue exhibiting negative dispersion of
ASWs for a fixed frequency range while appearing externally
as a simple 1D array of cavities [28].

Future technologies for ASW control may arise with a
move toward active and time-varying materials. Dynamic
actuation of materials, potentially via acoustic-elastic coup-
ling, would enable real time control of wave propagation.
Candidates for active and tuneable elements could be address-
able membranes or elastic structures-loaded with magnetic
elements, or mechanical shunts. Control of gain and loss in
surface wave systems could be used to reconfigure and switch
metasurface modalities or amplify or absorb waves readily.

Concluding remarks

Over the past decade, acoustic metasurfaces have been stud-
ied as a route to control sound propagation on a surface.
ASWs can be used to passively transport sound along arbit-
rary paths, attenuate, or slow sound for fixed frequency regions
for a range of applications. The development of wave con-
trol strategies has seen the evolution from structured arrays
of simple resonant cavities towards systems utilising coupled-
resonators, cavity-punctured waveguides, crystal symmetries,
and beyond-nearest-neighbour couplings.

Future developments in this area will likely involve
increased complexity in the design of devices through struc-
ture factor, aided through additive manufacturing, or addi-
tional functionality added to devices utilising actively con-
trolled time-varying elements. Integrating these elements
could lead to the development of tuneable sensors and noise
control devices, as well as reconfigurable surfaces for passive
beam steering operating at a frequency range below that of the
devices’ physical size.
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Status

Optical holograms can modulate light wavefronts to generate
visible images. In the same way, acoustic images can also be
synthesized by holograms, shaping the areas where mechan-
ical waves present a high amplitude, and areas where themedia
is at rest. These acoustic holograms can be rendered as com-
plex lenses that encode the wavefront information, capable of
synthesizing a given acoustic field in transmission or reflec-
tion mode [30]. These lenses can generate complex fields with
a sharp spatial distribution and have found practical applica-
tion in several industrial and biomedical applications.

In industry, acoustic holograms can be applied to control
acoustic scattering, for example, for room acoustics applica-
tions. Figure 6 shows both traditional and metamaterial sound
diffuser topologies. Efficient sound diffusers can be obtained
by encoding an holographic vortex in a metasurface [31]. In
addition, the thickness of these sound diffusers can be reduced
using subwavelength resonant building blocks, i.e. narrow-
band diffusion using single Helmholtz resonators [32] or
broadband diffusion using more complex metamaterials, as
those based on slow sound [33]. When using sound waves in
air holographic devices can be easily manufactured using 3D
printing because the solid frame is nearly incompressible and
motionless as compared with the air. In this way, many demon-
strators of acoustic holograms have been proposed for sound
waves in air [34]. However, when using ultrasound waves in
water, the classical topologies to design and fabricate acoustic
resonators are no longer valid due to the low acoustic imped-
ance contrast between the fluid and the solid frames.

Biomedical applications include the use of holograms to
modulate ultrasound beams for therapy and particle trap-
ping, as well as ultrasound field modulation for imaging, see
figure 7. For example, the aberrations introduced by the skull
bones during transcranial propagation can be compensated,
generating a sharp and single focal spot, or producing acoustic
images that match the shape of therapeutic targets inside the
brain [35].

It is worth nothing here that phase arrays can also produce
therapeutic beams by electronically tuning the driving signals
of a piezoelectric transducer. Indeed, this is currently approved
technology in clinics and is used to treat a wide range of dis-
eases. However, these devices need a large surface to gener-
ate a therapeutic beam, and, in addition, the power electronics
present a poor scalability. Typically, the operating central fre-
quency is in the MHz regime, leading to a wavelength of a

Figure 6. (a) Traditional phase-grating diffuser, where each
resonating element is a quarter-wavelength resonator (QWR) built
by a well in the panel. (b) Equivalent phase grating diffuser using
Helmholtz resonators (HR) to control the reflected field. The HR
allows for thinner panels. (c) Slow-sound metadiffuser using a
Helmholtz metamaterial to tune the propagation in each slit and
producing thinner panels. By tuning the geometrical parameters,
broadband diffusion can be obtained. (d) Holographic control of the
scattering by rendering a defocused acoustic vortex to produce large
sound diffusion and avoiding specular reflections.

millimetre, or even smaller. This results in a limited number
of individual transducers, and the size of each active element
is larger than a wavelength. These large elements can generate
sharp focal spots when arranged in a bowl-shaped transducer,
and the focus can be electronically steered in the axial or lat-
eral direction. However, due to the large separation and the
high directivity of the individual elements, the emergence of
undesired secondary grating lobes limits the electronic steer-
ing range to some millimetres. On the other hand, the pixel
density of a 3D-printed acoustic hologram is usually large, typ-
ically subwavelength in the lateral direction. Therefore, their
capability for wavefront modulation goes beyond traditional
phased arrays.

Results from in vivo experiments in mice show that by
employing holograms, drugs can be delivered to the central
nervous system in a noninvasive and highly localized way
[37]. While this can also be achieved using a single element
focused transducer, this latter conventional strategy results in
an elongated focal spot, typically covering the whole brain of
small animals. However, holograms can also encode the mul-
tiple reflections and reverberation occurring inside the cranial
cavity, increasing the angular spectrum of the wavefront at
the focal spot. Time-reversed wavefronts synthesized by holo-
grams in complex environments result in sharp focal spots
close to the diffraction limit [37]. In this way, holograms
can produce acoustic images that are free of aberrations and
sharper than traditional focused ultrasound systems.

Other biomedical applications of acoustic holograms
include hyperthermia treatments, where a high intensity beam
is used to raise the temperature of the tissue. Using holograms,
the local temperature rise inside the tissue can be spatially
modulated [36], and the thermal pattern can match a target,
e.g. the shape of a tumour. It is worth noting here that holo-
grams can produce uniform acoustic fields over the target but,
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Figure 7. (a) Acoustic image rendering using a 3D-printed
hologram. (b) Transcranial application of acoustic holograms,
where the wavefront simultaneously encodes the compensation of
the skull aberrations and, in addition, the retrieved acoustic image
matches a therapeutic target inside of the brain. (c) First in-vivo
demonstration of holograms, where 3D-printed lenses were used to
open the blood-brain barrier in two bilateral spots inside the brain of
a small animal. A drug (contrast agent, gadolinium) was delivered in
a local and noninvasive way, as seen in the MRI. (d) Thermal
patterns for ultrasound hyperthermia are spatially modulated by
acoustic holograms. In this case, the hologram was used to produce
an acoustic image matching the shape of a target and the ultrasound
produced a temperature rise at this area, as seen by the image of
MRI thermometry. Adapted figure with permission from [35],
Copyright (2019) by the American Physical Society. © [2022]
IEEE. Reprinted, with permission, from [37]. Adapted figure with
permission from [36], Copyright (2022) by the American Physical
Society.

in general, a uniform field does not produce a uniform thermal
pattern.When the acoustic energy is transferred from the beam
to the medium on a large temporal scale, heat transport mech-
anisms blur the contours of the thermal pattern. However,
holograms can also be tuned to produce uneven acoustic pat-
terns but optimized to produce a uniform temperature distri-
bution at some point in time, or to deliver a uniform thermal
dose across the therapeutic target at the end of the treatment.

On the other hand, since holograms can encode complex
wavefronts, they can be used for exotic beam generation, such
as vortex beams [38]. In this case, holograms can simultan-
eously encode wave dislocations, focusing and steering, and
the whole wavefront information to compensate for aberrating
media such as skull bones or other nonhomogeneous tissue
layers. Complex wavefronts can be tuned for particle trapping
and wave-matter interaction applications, e.g. for single-shot
and rapid 3D printing [39].

Finally, artificial structures can be used for acoustic ima-
ging. Beyond trivially focusing lenses, spatially complex
media coupled to a large-aperture single detector have been
proposed for 3D ultrasound imaging by using compressive

sensing strategies [40]. These devices increase signal com-
plexity and produce unique signals for echoes arriving from
different locations. In this way, there is no need for thousand-
element arrays and multichannel electronics to obtain 3D
images in industrial or biomedical applications.

Current and future challenges

Holograms have demonstrated their high performance in
matching acoustic wavefronts and synthesizing arbitrary
fields. However, while current strategies to fabricate holo-
grams are mostly limited to phase plates, the magnitude of
the field is necessary to fully synthesize complex fields and is
often not considered by the topology of the holographic lens.
For example, phase plates or simple longitudinal elastic reson-
ators can only modify the phase of the wave. Although there
are some proposals for phase and magnitude modulation, their
application is not yet practical in relevant scenarios.

Another practical limitation of current implementations is
reconfigurability: when a hologram is 3D printed, the image
cannot be changed. Switching between predefined shapes
using diffractive acoustic gratings has also been proposed [41].
However, for practical purposes, full hologram reconfigurabil-
ity is desired. On the other hand, most holographic techniques
are limited to a simple transverse or sagittal plane. Full volu-
metric holograms are difficult to achieve because of the limited
angular spectrum of narrow-band holograms.

A major challenge is the hologram design process, which
in complex and realistic scenarios, such as biomedical applic-
ations, require full-wave simulations that are slow and compu-
tationally expensive. Furthermore, in the case of transcranial
ultrasound, the input to these simulations is x-ray tomographic
data, which make use of ionizing radiation.

Finally, the practical application of many holographic tech-
niques relies on 3D printing. However, the available 3D print-
ing materials with high acoustic contrast and small absorption
are limited. In addition, some patient-specific or application-
specific lenses may generate a large amount of waste and incur
environmental costs due to fabrication, transportation, deploy-
ment, and disposal. For industrial applications, scalability of
large acoustic metasurfaces is limited by the current manufac-
turing processes.

Advances in science and technology to meet
challenges

Holograms have found practical applications to correct the
aberrations of the skull for transcranial ultrasound therapies.
However, the need for x-ray tomographic data negatively
impacts on the clinical adoption of this modality. Currently,
machine learning techniques have the potential to solve this
issue by using non-ionizing MRI data. Note that, while MRI
equipment is in fact expensive, this neuroimaging technique is
actually needed for diagnosis and treatment planning. Another
low-hanging fruit is applying machine learning techniques for
fast simulation or prediction of the acoustic field generated by
the holograms, and apply these efficient algorithms for the lens
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design itself. While current hologram topologies are approx-
imately only-phase lenses for pressure waves, the elastody-
namics of these metasurfaces is far more complex and its full
modelling results in numerical calculation of high computa-
tional cost. Then, standard optimization methods cannot be
usually applied to design the best hologram to focus ultrasound
on specific targets. In these situations, artificial intelligence
tools can help to reduce computational burden for metasurface
design.

Early holographic lenses were designed using basic
refractive principles, and their performance was not optimal
because these models neglected important physical features.
Handling water-coupled ultrasonic waves in structured mater-
ials involves considering all of the material’s elasticity and vis-
coelastic behavior. In addition, in some key applications, high
intensity ultrasound is used, and nonlinear phenomena arise.
Most of the advances, concepts and ‘wave tricks’ investigated
during the last decades in wave physics in complex media,
including artificially structured media and metamaterials, are
waiting to be applied in this field.

The emergence of new 3Dprinting techniquesmay improve
the current manufacturing process, where metasurfaces and
holograms can be manufactured in situ, ready for use, and

composed of reusable or recyclable materials. In addition, the
current state of the art on active and reconfigurable elastic
and AMMs may replace personalized and patient specific 3D-
printed holograms. These approaches can lead to environment-
ally friendly devices and commercially feasible applications.

Concluding remarks

Acoustic holograms may have a profound impact on indus-
trial and biomedical ultrasound devices and, in particular, are
introducing a paradigm shift in ultrasound imaging and ther-
apy. The use of a 3D-printed lens instead of a phased-array
would result in therapeutic devices costing orders of mag-
nitude less. In addition, by encoding time-reversed wavefronts
in subwavelength pixels instead of introducing a simple tem-
poral shift in large radiating elements, holograms in complex
environments can enhance the angular spectrum of the acous-
tic images, resulting in sharper focal spots close to the dif-
fraction limit. While most applications have been developed
for biomedical ultrasound imaging and therapy, holograms are
waiting to be applied in other selected applications in under-
water, industrial, or civil engineering techniques.
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Status

Extensive metamaterial research has shown that remarkable
advances in strategically important fields such as healthcare,
defence, and civil engineering would be possible if only one
had access to media having the right material parameters
[2, 42]. Transformation acoustics provided the blueprints for
unparalleled sound manipulation by leveraging mass density
anisotropy and by carefully controlling distributions of bulk
modulus and mass density [43]. This novel theory enabled
new and exciting applications such as cloaking and produced
newmethods for noise mitigation and acoustic imaging.Willis
media added two more material parameters—the Willis coup-
ling tensors—which provided even more DOF to control
sound with potential applications including efficient diffract-
ing elements for imaging [44] and noise mitigation [45], and
non-reciprocal sound transport [46].

These developments ushered in new efforts to realize phys-
ical metamaterials with the material parameters prescribed
theoretically. Initial work involved passive metamaterials, but
it was soon realized that these structures have fundamental
limitations in terms of operational bandwidth and accuracy
and were never able to realize convincingly the remarkable
applications they were supposed to enable [42].

Active metamaterials have been recognized as alternat-
ives that avoid the limitations of passive media. Early efforts
focused on metamaterials with dynamically adjustable geo-
metry and thus properties tunable on-demand [2], but their
acoustic properties were essentially those of passive struc-
tures. Particularly promising has been an active metamaterial
architecture in which the unit cells are composed of pairs of
sensing and driven transducers [45–51] (figure 8). The former
sense the local condition of pressure and/or particle velocity,
and the latter produces an acoustic response coherent with the
sensed quantity. Each pair’s (and thus metamaterial’s) acoustic
behaviour is programmed by selecting the right gain between
the sensor and the paired driver.

Promising proof of concept experiments demonstrated a
wide range of material parameters unavailable in passive
media such as some bulk moduli [45, 46], mass density tensors
[45, 46] (including the non-symmetric kind for non-Hermitian
media [52]), and Willis coupling tensors [48], but they only
involved a very small number of cells and carefully selected
geometries in which these cells were not interacting with each
other. There are significant challenges that need to be over-
come to employ them in more realistic settings and finally

Figure 8. Active metamaterial architecture. An ideal material
(top-left) is realized as a collection of unit cells (top-right). Each cell
(bottom-right) contains multiple sensor-driver pairs (bottom-left)
whose acoustic behaviour is programmed through the gain element.

bring to reality the compelling applications promised by past
theoretical work on metamaterials.

Current and future challenges

The active metamaterial architecture shown in figure 8 is max-
imally versatile in that the driven transducers can, in prin-
ciple, create any causal acoustic response desired, which trans-
late into a very large range of realizable material paramet-
ers unachievable with other methods. However, this versatility
comes with unique challenges in terms of stability, scalability,
accuracy, and bandwidth.

Most of these challenges originate in the numerous feed-
back loops involving pairs of sensors and drivers. Special care
needs to be taken to insure the stability of all these loops.
Analysis of these systems’ stability has largely been avoided
so far. Experimental work has either involved very few cells
(often only one or two [47–49]) or has considered carefully
selected setups in which the cells are not interacting with each
other [45, 46], i.e. the sound created by one sensor-driver pair
is not captured by the others. In these scenarios, conventional
stability analysis tools such as those provided by sound control
theory suffice. However, these methods do not scale well as the
number of cells increases and in realistic scenarios involving
strongly interacting sensor-driver pairs. Future research should
consider the latter, more challenging scenarios. New metama-
terial design methods need to be devised to take stability and
scalability into account.

Moreover, accuracy and repeatability have long been chal-
lenging for experimental metamaterials. For the active kind,
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most proof of concept experimental active cells achieved the
desired acoustic properties with large tolerances mainly due to
the variability in the transducers themselves and the variability
in their mounting frames. New algorithms to tune the gain ele-
ments are needed to mitigate the tolerance issue and produce
repeatable, highly accurate sensor-driver pairs.

Finally, extending the operational bandwidth of active
metamaterials is another challenge. Most acoustic devices
such as sonar, ultrasound imaging machines, noise mitigation
systems involve broadband sound. Active metamaterials can
in principle provide the necessary bandwidth but achieving it
is difficult in the general cases in which the sensor-driver pairs
are interacting with each other.

Advances in science and technology to meet
challenges

Active metamaterials following the sensor-driver pair
architecture may resemble typical sound control systems.
Consequently, conventional controls methods have been used
in which the gain of each driver-sensor pair is changed adapt-
ively based on the sensed local acoustic conditions [44]. In
these approaches there is a need to reduce the convergence
time to the optimal gain to preserve bandwidth. Also, new
methods are needed to sense the metamaterial acoustic prop-
erties in real time. Moreover, these methods are centralized
methods in which all gains are set by a central control unit
receiving inputs from all sensors. Adding more unit cells to an
existing metamaterial potentially changes the gains in all the
sensor-driver pairs reducing scalability. Mitigating this issue
is work in progress.

Decentralized methods to select the gains are very prom-
ising alternatives tried by various groups [46, 47, 49]. One
example is shown in figure 9 showcasing a highly efficient
reflectionless absorber. In this approach the desired medium
is first implemented as an array of subwavelength particles
[52]. Their material parameters can be as exotic as those of
the desired target medium, but the subwavelength nature of
the particles means they can be modelled in terms of mono-
pole and dipole moments, which can be trivially implemented
with sensor-driver pairs [50, 52].

The technology is very promising because the design pro-
cess assures stability at the design frequency, naturally con-
siders the complex scattering of impinging sound from the
metamaterial cells. It is also scalable because each gain ele-
ment is set independent on the surrounding cells. Adding more
cells to enlarge the metamaterial does not require changing
the acoustic properties of the existing metamaterial thus mim-
icking how natural materials behave. It has potential for large
bandwidth since the gain is determined a priori from the
desired acoustic properties of the metamaterial and does not
require change during operation, a behaviour achievable with
fast basic electronics.

Figure 9. Highly efficient reflectionless absorber realized as an
effective medium with relative mass density ejπ/6 and bulk modulus
e−jπ/6. Reproduced from [50]. © The Author(s). Published by IOP
Publishing Ltd. CC BY 4.0. The sought metamaterial scattering
characteristics are validated by comparison with the ideal behaviour.

Although metamaterials designed in this fashion are stable
at the design frequency, the causality of the sensor-driver pair
means that the desired gain phase cannot be maintained in
a large bandwidth. Exploring how causality affects stability,
bandwidth, and realizable acoustic properties is still needed.

Concluding remarks

Transformation acoustics, Willis materials, time modulated
media are examples of theoretical work producing blueprints
for remarkable advances in noise mitigation and acoustic ima-
ging, sensing, diagnostics, and communications. However,
realizing the potential promised by past theoretical devel-
opments requires new generations of active metamaterials,
which can be made possible only through new challenging
scientific developments and difficult experimental work. Since
the beginning, themetamaterial community adopted a breadth-
first approach in which the low hanging fruits connected to
an upcoming technology were collected and the technology
was sidelined in favour of another unexplored one. After sev-
eral decades, themetamaterial field should change strategy and
adopt a depth-first approach in which truly difficult challenges
are addressed. Doing so is probably the only way to realize the
great potential of metamaterial research to advance strategic
areas such as defence, health care, and civil engineering.
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Status

Attributing properties pertaining to symmetry in metamater-
ials constitutes the latest frontier of activities in this arena.
These topological metamaterials have become very interest-
ing, because the prospect of guiding waves can now be fully
associated with the notion of nontrivial and obstacle-resilient
characteristics. In other words, the unique feature of topolo-
gical metamaterials is that their surface states are topologically
protected, which means that certain characteristics of these
states are guaranteed to remain the same despite small changes
or defects in the material. What started as a mere exercise
to unveil acoustic analogies of unique electronic surface con-
ducting topological properties, evolved into well-established
lines of research. These include acoustic valley and spin Hall
systems, Chern insulators, topological semimetals, higher-
order topological phases, and non-Hermitian topology, only
to scratch the surface (see figure 10) [53–58].

Time-reversal invariant valley and pseudospin DOFs in
sonic lattices, which describe the degenerate energy extrema
of the band structure and the wave functions in two inequi-
valent sites of a honeycomb lattice respectively, are exper-
imentally not hard to attain. To begin, in two dimensions,
Dirac cones (two conical frequency bands that meet at a single
point) emerge at the high symmetry points of the Brillouin
zone. To break these degeneracies and introduce a valley DOF,
the rotation of the involved scatterers induces a reduction in
the lattice symmetry, which facilitates the generation of val-
ley states with opposite chiralities, an attribute harnessed for
valley-contrasting sound steering and beam splitting applica-
tions. Higher levels of Dirac cones degeneracies are used to
unlock pseudospin Hall acoustics through the band or zone
folding approach. This effect enables sound with opposite
pseudospins to move in opposite directions along the edges
without scattering. In contrast, constructing an acoustic Chern
insulator demands substantial effort due to the essential need
for precision in engineering time-reversal symmetry breaking
through moving fluids. Along these lines, the realization of
such a topological insulator with gapless chiral edge states was
only recently achieved using an artificial honeycomb lattice
with rotating metafluid units.

Instead of engineering a gapped Dirac spectrum, topolo-
gical semimetals feature band touching in momentum space,
comprising point, line, or surface degeneracies. The most
prominent example are Weyl semimetals that are three dimen-
sional nontrivial phases of matter. An acoustic version requires
multiple stacked acoustic graphene layers that are connected
through a chiral interlayer coupling, which enables a Fermi-arc
surface dispersion analogy. Higher-order topological phase
go beyond the bulk-boundary correspondence, as engineered
edge states themselves, can be gapped to give birth to lower

Figure 10. Timeline of topological sonic metamaterials during the
last decade. Topological insulator and Weyl point are abbreviated as
TI and WP, respectively.

dimensional nontrivial hinge or corner states. In the form
of a topological hierarchy, through dimerization, Kekulé dis-
tortions, and mirror symmetry breaking, various topological
states at decreasing dimensionality can be targeted [59].

Interestingly, most of what have been mentioned above can
be significantly expanded upon by adding a complex chan-
nel. Non-Hermitian topology is fascinating, because added
wave attenuation or amplification, again, not only challenges
the conventional bulk-boundary correspondence, moreover,
it gives rise to an array of unusual topological acoustic
possibilities [60]. E.g. the non-Hermitian effect makes bulk
states localize, breaks the chiral symmetry in topological sonic
whispering gallery lattices [61], and enables lossy or amplify-
ing valley-contrasting wave physics. The exact loss and gain
textures in second-order topological insulators enables excep-
tional points across which complex corner state confinements
undergo spatial transitions. On a more application-oriented
side, modulating loss in topological acoustic waveguide-
chains will generate directional dependent sound absorption.
Future challenges and phenomena interesting for real world
applications will be addressed in the ensuing section.

Current and future challenges

Topological sonic metamaterials elegantly bridge condensed
matter physics with classical acoustics thanks to the advanced
fabrication technologies and precise measuring methods.
Although versatile sonic topological phenomena have been
demonstrated as reviewed in the previous section, we expect
this research trend to persist for some years and several chal-
lenges are still waiting to be conquered. In the following, we
discuss promising potential directions for future explorations
in this field.
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One intriguing avenue is the exploration of topological
defects [62], which originate from a broken continuous sym-
metry in ideal lattices. For instance, square, pentagonal, hep-
tagonal, etc. defects in fullerene structures with highly con-
fined topological states were only theoretically studied and
hard to be directly probed. For this, topological sonic metama-
terials provide an opportunity to engineer such kind of topo-
logical defects, which may give rise to deeper understanding
of emergent phenomena of nanoscale structures. Moreover,
attributing non-Hermitian features with topological character-
istics, introduces exciting possibilities for sound wave manip-
ulations. Gain/loss textures and non-reciprocal coupling play
pivotal roles in topological non-Hermitian metamaterials fea-
turing the skin effect, amplified/attenuated topological bound-
ary states, non-Hermitian higher-order topological insulators,
or non-Abelian band braiding. Unlike the ubiquitous laser, an
acoustic laser is hard to come by. However, taking advant-
age of the thermoacoustic coupling, researchers recently elec-
trically loaded carbon nanotube films with an AC current
as a means for active sound generation in a topological lat-
tice. This approach not only creates a non-Hermitian compon-
ent, but may indeed enabled new technological avenues bey-
ond the already far-reaching scientific implications. Further,
non-reciprocity is usually broken by introducing active con-
trol, but a question remains whether passive structural modu-
lations using metamaterials in the form of engineered DOF
could do the job. These possibilities will broaden abilities
for topological sonic metamaterials with eased non-Hermitian
and non-reciprocal features. In addition, considerable efforts

have been made to in studying nonlinear topological phys-
ics, yet this avenue remains rather unexplored and timely
to observe nonlinearity-induced topological phase transitions
using sound.

Finally, topological sonic metamaterials are slowly matur-
ing towards potential functional devices. Consequently, there
is a growing emphasis on engineering emerging acous-
tic devices, including scattering-free waveguides, filters,
sensors, directional antennas, (de)multiplexers, logic gates,
tweezers and analogue signal processing [63–68], all fea-
turing the hallmarks of topological insulators, showcas-
ing robust surface, edge, corner, hinge, and defect states.
Beyond this, recent progress in integrated micro-mechanical
components for logics and filtering applications indic-
ates a continued interest in the development of on-chip
phononic topological systems, which are promising can-
didates for exploring nonlinear, non-Hermitian, etc. vibra-
tions at MHz frequencies. Approaching these frequencies
and beyond, require facing challenges in terms of both fab-
rication and measurement techniques at scales approaching
nanometres [69].

Concluding remarks

Based on this brief survey, it can be confidently concluded
that both topological acoustics and its mechanical counterpart
hold great promise for ongoing basic and application-oriented
research.
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While metamaterials initially emerged for electromagnetic
waves, AMMs have played a pivotal role, not only in trans-
lating phenomena from the electromagnetic to the acoustic
domain but also in providing a unique platform to imple-
ment various acoustic constitutive relations. Currently, gain-
loss contrast and temporal modulation are being incorporated
as new dimensions of metamaterials to explore more counter-
intuitive phenomena. Gain-loss enables the emergence of the
so-called non-Hermitian exceptional point, capturing degener-
acy for both eigenvalues and eigenvectors of a response mat-
rix function, such as the effective Hamiltonian or the scatter-
ing matrix of the system. These exceptional points can then be
leveraged for achieving ultrasensitive sensing, absorption, and
other tunable properties [70]. Temporal modulation or vari-
ation of the constitutive parameters allows for a range of exotic
phenomena, such as parametric amplification and band-gap
formation in reciprocal space [71].

To implement these new dimensions of constitutive para-
meters, various approaches have been employed, includ-
ing the addition of absorption sponge or holey structures,
external mechanical driving, feedback electronics, to resonat-
ing metamaterial structures like Helmholtz resonators. These
methods aim to introduce additional loss, time-varying reson-
ating parameters, and adjust the tunable size of the response,
respectively [9, 72, 73]. Moving forward, these techniques
hold the potential to enable comprehensive control over all
elements of the constitutive parameters. In the case of sound
waves in a 1D system, the constitutive matrix is represented
as a 2 × 2 matrix, with compressibility (β) and density (ρ)
as the diagonal elements and two Willis coupling (labelled γ,
γ ′) as the off-diagonal elements. We seek flexible approaches
to introduce imaginary parts to the diagonal elements as non-
Hermitian parameters, assign non-zero and independent val-
ues to the off-diagonal elements, and allow for temporal vari-
ation in these parameters. A full control over the constitutive
matrix can lead to the development of a versatile AMM blue-
print capable of realizing both fundamental physics and prac-
tical applications.

Current and future challenges

One of the current challenges in achieving active AMMs
is establishing feasible and precisely controlled methods for
introducing material gain parameters. Without such paramet-
ers, AMMs remain passive in nature. While passive metama-
terials, potentially incorporating absorptive elements [73], can

still exhibit non-Hermitian exceptional points, they lack the
ability to govern wave or signal amplification. Additionally,
research indicates that the size of the Willis coupling must be
constrained by the passivity of the system [9]. Incorporating
gain through electronic feedback [72] presents a viable solu-
tion, but caution must be exercised to ensure the stability of
these metamaterials, adhering to the bounded-input-bounded-
output criterion. Concerning the response function of the
metamaterial in the complex frequency plane, it is imper-
ative that all system poles reside below the real frequency
axis to maintain stability. Is it feasible to develop a tunable
implementation allowing for adjustment of the location of
system poles on-site? This capability is particularly crucial
when employing electronic feedback, as the response func-
tions of certain components may only become apparent after
the metamaterial is assembled.

On the other hand, there remains nontrivial in implement-
ing time-varying properties across all four constitutive matrix
elements. Ideally, such time-varying properties should offer
flexibility for on-site adjustments as well. Moreover, many
intriguing wave phenomena, such as the band gap in reciprocal
space [71] necessitate rapid modulation of the constitutive
parameters. While achieving this can pose challenges in the
electromagnetic domain, the acoustic domain presents a prom-
ising avenue, given its extensive history of using digital sig-
nal processors for speech signal processing. Leveraging sim-
ilar techniques could facilitate the transformation of scatter-
ing responses and the introduction of time-varying capabilit-
ies ofmetamaterials. Consequently, thesemethodsmay unlock
opportunities to control non-reciprocal propagation, amplific-
ation, and frequency conversion [74, 75]. It is also worth to
note that when desiring a specific constitutive parameter to
vary over time, such as with a step function, the response may
not be immediate, but with a response time. Will a frequency
non-dispersive model of the constitutive parameters, repres-
ented simply as β(t) for the case of compressibility, always be
adequate in a real experiment?

Advances in science and technology to meet
challenge

In response to these challenges, programmable metamaterials
with feed-back digital control offers a valuable platform for
achieving controllable non-Hermitian and time-varying con-
stitutive parameters. Figure 11 depicts such a platform for
1D wave propagation using digital approach. Within a wave-
guide, there exists an array of meta-atoms, each comprising
two microphones interconnected to two speakers through a
microcontroller. The local fields are detected (from micro-
phones) and are time-convoluted with four kernels (Yij) by a
program in the microcontroller, outputting the results to the
speakers [49]. It defines an arbitrary scattering response in
either monopolar or dipolar channels, thereby giving rise to a
2 × 2 constitutive matrix designed at a specific frequency. In
this manner, we can flexibly mimic any physical metamaterial
resonating response.
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Figure 11. Programmable approach towards full control of acoustic constative matrix for 1D propagation. (a) The virtualized meta-atoms in
mimicking physical resonating structures, comprising speakers and microphones interconnected to a microcontroller at each meta-atom. (b)
Four convolutional kernels (Yij) in connecting two microphones (D1, D2) and two speakers (S1, S2) to generate monopolar and dipolar
atomic response, resulting a programmable 2 × 2 constitutive matrix of the metamaterial {{β,γ} ,{γ ′,ρ}}.

Figure 12. Programmable constitutive parameters. (a) Passive and active Lorentzian resonance on β and ρ with solid/hollow symbols
showing real and imaginary parts. Reproduced from [76]. CC BY 4.0. (b) Willis coupling γ beyond passivity bound (black dashed line) with
stable response for three different target resonating frequencies [77]. (c) Temporal effective compressibility by switching on and off of a
frequency dispersion response with temporal duty cycle [78].

Figure 12(a) illustrates the scenario where the time-
convolution kernel Y11/Y22 consists of a sinusoidal function
(with decay linewidth) of only one resonating frequency,
implementing either a Lorentzian response in β/ρ, which
can be made passive (positive imaginary part) or active
(negative imaginary part) around resonating frequency. In
addition, the metamaterial can also implement Willis coup-
ling using Y12/Y21, surpassing the passivity bound [76], as
depicted in figure 12(b). Given the ability to independ-
ently control all parameters, including β, ρ, and Willis
coupling, programmable metamaterials can be readily used

to achieve unusual scattering properties, such as invisible
sensing [77], coherent perfect absorption [78]. For time-
varying properties, we can begin with a defined Lorentzian
response in β and modulate it on and off with a duty
cycle of η. The resultant effective β (real part) are shown
for three different cases of η in figure 12(c), with a high
modulation frequency [79]. The programmable metamater-
ial, offering flexible control over temporal modulation para-
meters, provides a versatile platform for advanced disper-
sion engineering beyond the conventional approaches [71,
80]. The initial attempts at controlling individual constitutive
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matrix elements lead to further control over the entire
constitutive matrix, such as achieving larger bandwidth
by incorporating more resonances, or advancing the 1D
propagation control to higher spatial dimensions, which allows
for studying non-Hermitian topology [81]. Further investig-
ations into the effect of power saturation and effective non-
linearity are possible when raising the power of the incident
wave.

Concluding remarks

Using programmable AMMs, the material response can
be precisely defined, enabling the construction of arbitrary

constitutive matrices for acoustic waves, encompassing com-
pressibility, density, and Willis coupling parameters. These
parameters can span both the active and time-varying regimes.
In the future, this flexible control over the entire constitutive
matrix may facilitate applications in non-reciprocal propaga-
tion, communications, and sensing. Moreover, we can explore
fundamental concepts, including those in non-Hermitian topo-
logy, utilizing the programmable platform, while the neces-
sity of the promotion to higher spatial dimensions and non-
linearity awaits further exploration. Particularly, the program-
mable platform offers the capability to precisely control non-
Hermiticity in the time domain, promising advancements in
the exploration of temporal PT symmetry for extreme energy
manipulation.
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Status

The propagation of pressure fluctuations in conventional
acoustic media typically obeys the general principle of reci-
procity, which refers to the symmetry of sound transmission
between two points A and B; namely, TAB = TBA, where TIJ
represents the transmission coefficient between field points I
and J. Reciprocity is rooted in a principle called microscopic
reversibility, initially described by Casimir and Onsager,
which holds in general linear time-invariant media [82].
Breaking this property in metamaterials allows for unidirec-
tional transfer of acoustic energy, which may open fascin-
ating new opportunities in noise control, energy harvesting,
imaging technologies, and sensors. The centre of figure 13(a)
represents such a non-reciprocal situation where TAB ≫ TBA,
a property that is not possible to achieve even if the proper-
ties of the medium are strongly inhomogeneous, asymmetric,
or absorptive. Instead, one must carefully break spatial and
temporal symmetries through the introduction of momentum
bias, time-dependence, or nonlinearity to achieve nonrecip-
rocal propagation [82, 83]. Figure 13(a) represents various
means by which reciprocity has been broken in engineered
media.

Nonlinearity in acoustic and elastic media has a long and
rich history in physical acoustics in addition to its use in
enabling strongly nonreciprocal propagation [84]. Acoustic
propagation beyond the weak signal regime is generally
nonlinear; describing sound propagation as a linear process
is always an idealisation of the actual continuum dynam-
ics involved, which break down quickly at high excitation
levels. Therefore, nonlinear acoustics has traditionally been
an important subfield in acoustics, with numerous practical
applications including drug delivery, therapeutic ultrasound,
harmonic imaging, damage detection, and devices such as the
parametric array [84]. The field has, however, been rejuven-
ated by the advent of metamaterials and architected media,
in which the geometry and material distribution have been
designed to enable nonreciprocal wave phenomena, generate
solitons, elicit on-demand domain reconfigurability, mitigate
impacts, and tailor waveforms [85, 86]. Some relevant non-
linear phenomena are highlighted in figure 13(b). Extensive
reviews of historical and current research in this area can be
found in several detailed reviews of nonlinear metamaterials
and additional applications [85, 86].

Current and future challenges

Prior research has shown that nonreciprocal wave propaga-
tion inmetamaterials is possible by exploiting several different
mechanisms. Without breaking linearity or time-invariance,
one needs to bias the medium with a time-odd external quant-
ity. Examples include magnetostrictive effects to polarize the
medium to exploit magneto-acoustic coupling. Unfortunately,
time-invariant coupled-domain effects in conventional mater-
ials are often weak or restricted to exotic solid-state crys-
tals. Nonreciprocal behaviour in linear kinetic media, which
employ fluid flow or rotation, is a better option particularly
in fluids [83]. Breaking time invariance by varying elec-
trical boundary conditions of piezoelectric materials or mag-
netic actuators can introduce nonreciprocal wave propagation
while maintaining linearity, although it alters the frequency
content of the signals [82, 87, 88]. All these effects, how-
ever, are usually weak and are therefore only appreciable
over large propagation distances or when combined with res-
onances, which make them bandwidth-limited and prone to
losses. The use of nonlinearity, on the other hand, is a rich yet
largely uncharted opportunity to overcome these drawbacks.
Combining nonlinearity with geometrical asymmetries allows
the creation of systems having a direction-dependent response,
thereby strongly breaking reciprocity [82, 89, 90]. In addition,
synchronization between waves and limit cycles, such as those
generated by aeroacoustic instabilities or parametric amplific-
ation, is an active area of investigation as a promising means
to extract energy from an external bias to compensate losses
and enhance the bandwidth of nonreciprocal behaviour [91].

Research in nonlinear acoustic and elastic metamaterials
has an established history of leveraging subwavelength geo-
metric features to achieve effectivematerial nonlinearity that is
significantly stronger than most naturally-occurring materials.
For example, buckling instabilities can change the effective
modulus and even reconfigure the medium depending on the
local field amplitude [85, 86]. Essential nonlinearity (i.e. van-
ishing linear restoring force at small amplitudes) has been
achieved, e.g. using contact mechanics [92] and elastic strings
with no static pre-tension [93]. Recently, large local rotation
has been leveraged to achieve strong hybridization between
translational and rotational motion [94] and unit cells with
chaotic dynamics enabled by magnetic interactions to create
ultra-low frequency and ultra-broad bandgaps [95]. Despite
the plethora of rich nonlinear dynamics that has been demon-
strated in prior works, some notable challenges remain. For
example, theoretical prediction of nonlinear dynamics typic-
ally relies on low-order systems of differential equations cap-
turing essential features of a system, which are especially
difficult to obtain for intricate lattice geometries in two and
three dimensions. Additionally, due to the need for recoverable
deformation, works involving large local strains have gener-
ally been restricted to hyperelastic polymers, which have low
stiffness and may exhibit significant relaxation. Furthermore,
few works on nonlinear AMMs have thoroughly treated irre-
versible effects, such as viscous relaxation, plasticity, and
friction.
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Figure 13. (a) Nonreciprocal propagation is indicated by differences in magnitude and phase of a transmitted signal between points A and B
source and receiver are exchanged. Physical mechanisms that lead to nonreciprocal acoustic wave propagation. The left part of the figure
focuses on schemes that leverage a breaking of time-reversal and time-invariance, whereas the right part highlights the important role of
nonlinearities. (b) Nonlinearity in metamaterial systems is achieved by designing subwavelength nonlinear deformation in architected media
and/or exploiting locally resonant structures created from constituents with material nonlinearity. The figure indicates different nonlinear
phenomena demonstrated with nonlinear acoustic and elastic metamaterials.

Advances in science and technology to meet
challenges

Despite these promising behaviours and applications, signific-
ant challenges remain in the creation of nonreciprocal and non-
linear metamaterials. Prominent examples include the fabrica-
tion of large amounts of material containing small-scale struc-
ture, multi-material fabrication (particularly stiff and com-
pliant materials bonded together), and transduction mater-
ials. Transduction materials, such as piezoelectric or opto-
mechanically coupledmaterials, are the most likely candidates
to realize activated materials to achieve spatiotemporal mod-
ulation, non-trivial topological materials, and non-Hermitian
materials. Similarly, the creation of materials whose proper-
ties can change when subjected to external stimuli are of sig-
nificant interest to tailor nonreciprocal and nonlinear wave
propagation and only limited progress has been made in the
realization of these materials. The creation of nonlinear media
is hampered by the need to undergo large, recoverable deform-
ations. When damage such as plastic deformation is unavoid-
able, models must be developed to account for changes in the
subsequent linear and nonlinear dynamic behaviour, e.g. by
incorporating loading history via internal variables. To address
these challenges, metamaterial researchers must interact with
the advanced manufacturing community, particularly those
creating new additive manufacturing processes, to fabricate
transduction materials with customizable properties and geo-
metry, as well as materials that can undergo large, recov-
erable deformations without significant degradation to their

performance. In addition, researchers should extend exist-
ing continuum and discrete-element material models to con-
sider history-dependent effects, such as elasto-plasticity, in
order to assess the influence of damage on nonlinear wave
propagation and the efficacy of nonlinear materials for achiev-
ing their intended performance. Data-driven methods, such
as machine learning-enhanced topology design and physics-
informed neural networks, comprise an active area of invest-
igation with ever-increasing relevance to engineered acous-
tic materials and may play an integral role in achieving these
objectives.

Concluding remarks

Nonreciprocal propagation in acoustic media has been stud-
ied extensively for over a decade. We anticipate that future
research will make use of knowledge gained to create new
technology enabled by nonreciprocal wave transport, such
as devices capable of simultaneous transmit and receive
operations or sensing acoustic signals without being detec-
ted. Creating nonlinear materials for the purpose of break-
ing reciprocity or other applications, such as frequency
conversion, tunability, and reconfiguration, is a very act-
ive and promising field of research. We expect that many
new physical phenomena and functionalities will be dis-
covered at the intersection between the fields of archi-
tected media, nonlinear systems, and nonreciprocal wave
propagation.
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Metamaterials offer a route to engineer new materials with
advanced functionality for a range of applications. Recent
work has looked to leverage metamaterial concepts to find
opportunities at the apex between the fields of acoustic
metamaterials and aeroacoustics in low Mach number turbu-
lent flow.

In each field structured surfaces have been designed for spe-
cific modalities; in the field of AMMs, or more specifically
metasurfaces, typically a surface is structured using a periodic
lattice of resonant elements to exhibit some effective proper-
ties or functionality achieved by tuning the local acoustic fields
at the surface for the control of airborne sound [20]. From
the metamaterial perspective, often structures seek to control
acoustic waves using subwavelength elements. The physics
is usually explored and described by the dispersion relation,
which essentially describes the relationship between the fre-
quency of a wave, and its wavenumber; providing information
about the direction, phase, and group velocity of the propagat-
ing mode.

In the field of aeroacoustics of turbulent flows, structured
fetches that sit above a rigid boundary, have been utilised
to both control the acoustic radiation and aerodynamic effi-
ciency. From the flow perspective, when a turbulent flow
moves past a rigid wall, there are structures within the bound-
ary layer, that are transported downstream, i.e. along the flow
direction, with pressure fluctuations that present awell-defined
pressure spectrum at the wall [96], with its own dispersion
relation. Various surface topologies have been developed to
mitigate the effects of these surfaces on the flow using surface
treatments, including ordered roughness fetches, bioinspired
canopy structures, and porous surfaces [97].

The proposition here is the following: in both fields sur-
face structures are used to influence the local behaviour of
some field (pressure, velocity, displacement etc), and therefore
can this commonality be harnessed for useful applications?
Our recent work brings these fields together by demonstrating
experimentally that acoustic modes on periodic-structured sur-
faces can be driven by pressure fluctuations from a turbulent
source [98]. The follow-on question is how else might this be
leveraged, particularly for aviation or maritime applications.

Current and future challenges

Turbulent flows present ongoing difficulties within aeroacous-
tic and hydroacoustic communities. The following scenarios
highlight potential applications of metamaterials:

1. Flow noise generation: turbulence in fluid flow results
in fluctuating pressure fields, causing noise production.
Utilizing targeted metamaterials, such as at a trailing edge,
could filter or average turbulent structures, thereby redu-
cing radiated noise or specific spectral tones.

2. Sensor dynamic range and sensitivity: acoustic sensors near
turbulent noise sources often suffer from poor signal-to-
noise ratios. Tailoring the acoustic environment to enhance
sensor performance in challenging conditions is a potential
solution.

3. Energy harvesting/attenuation: managing energy within a
flow through metamaterial interfaces offers an efficient
way to convert and dissipate energy associated with flow-
induced noise without compromising aerodynamics or
hydrodynamics.

4. Aero- and hydro-acoustic coupling: understanding the
intricate interactions between aerodynamics and acoustics
at the boundary layer is a long-standing research area.
Employing tailored metamaterial surfaces to alter flow con-
ditions and influence noise production, and vice versa,
could be a route to comprehend coupling mechanisms in
terms of surface impedance.

In addition to these challenges, technological advance-
ments could drive the development of multifunctional sur-
faces. An example is autonomous vehicles, where future
unmanned underwater vehicles must be lightweight, energy-
efficient, and compact. These constraints prompt modifica-
tions in on-board sonar systems to reduce sensors and pro-
cessing while maintaining acceptable performance levels.
Flow-coupled acoustic metasurfaces may offer more passive
solutions compared to traditional, highly intensive, beamform-
ing. Figure 15 shows a conceptual example for a passive beam-
forming readout.

Advances in science and technology to meet
challenges

Motivated by these challenges, studies have examined how
metasurfaces can be coupled with a turbulent boundary layer.
Damani et al, reports the flow-driven generation of trapped
ASWs [98] excited by coupling pressure fluctuations at the
interface between a flow environment and an AMM [24].
Figure 14 depicts a schematic of the experiment and meas-
ured data; which shows sub-sonic modes of the metasurface
have been excited and detected. A key observation is that the
resonator-based flow metasurface filters out fluctuations on
scales less than the interface size, and thus the excitation can be
tailored to larger turbulence scales, suggesting possible applic-
ations in aeroacoustic noise control.

A subsequent study examines the nature of flow coup-
ling to a resonant cavity. It was shown that a Kevlar-covered
acoustic resonator can behave as a surface-averaging pres-
sure sensor, i.e. spatially averaging pressure fluctuation in
the flow, with minimal impact to the flow field [99]. This
finding inspired new embedded sensors that measure the
sub-convective wavenumber-frequency pressure spectrum in
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Figure 14. Example of a flow-driven metasurface; (a) schematic of
metasurface interfaced with turbulent flow, and (b) the measured
dispersion relation. From [98]. Reprinted by permission of the
American Institute of Aeronautics and Astronautics, Inc.

boundary layer flows [100], and could improve wall pressure
measurements for use in wall pressure models used as forcing
functions for structural analysis.

Building on this, research has progressed toward design-
ing flow-drivenmetasurfaces for sensing acoustic sources bey-
ond the boundary layer. Figure 15 depicts the challenge being
addressed. The approach couples a meander-like metasurface
[101] to the flow environment above via multiple coupling
channels. The metasurface can both be excited by acoustic
fields incident in the far-field and be driven by the turbulent
flow; this sensing principle relies on incident acoustic
radiation producing coherent excitation to the metasurface,
while excitation of flow-induced near-field pressure fluctu-
ations, contributing incoherent signals that average to zero.
The multiple through holes can be used to constructively
couple ASWs [102] propagating from individual through

Figure 15. One example application of flow-coupled metasurfaces:
detection of multiple sources beyond the boundary layers.

cavities to excite a metasurface that encodes a unique relation-
ship between the source location and the excited ASWs [103].
This study may be exploited to reduce the weight, power con-
sumption, and processing required of conventional beamform-
ing arrays in flow. This type of sensor scheme is now being
tested in more challenging flow and signal-to-noise conditions
[104].

Concluding remarks

Research into turbulence-driven metamaterials is in its
infancy. We have presented work demonstrating that a turbu-
lent flow can be used to excite acoustic surface modes, and that
this result can be exploited to create sensors based on upon res-
onant cavities or metasurface arrays for application in a low
Mach number turbulent flow.

The studies described above are an illustration of low tech-
nology readiness level research in this flow-driven metamater-
ial research space may advance ideas in already mature tech-
nologies to meet current and future challenges. The studies
presented in this area are focused on the interaction of sub-
sonic flow (M < 0.3) and metasurfaces in air with a range of
Reynolds numbers. We believe that there are opportunities to
develop flow-drivenmetasurfaces for a range of applications in
aero- and hydro-acoustics beyond the few concepts described.
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The advent of phononic crystals [105] and acoustic/elastic
metamaterials [11] has ushered a new era in the fields of
vibrations and acoustics as it allowed for dynamical proper-
ties to be analysed and designed intrinsically at the material
(i.e. unit-cell) level, as opposed to only the finite structural
level as done traditionally. Moreover, the interplay between
these two levels in itself has expanded the design space even
further allowing resonances associated with structural trun-
cation to emerge with characteristics influenced not only by
the nature of the truncation and the boundary conditions but
by the material unit-cell dispersion properties as well [106].
In 2015, flow control emerged as a new application that util-
izes the properties of phononic materials and structures [107].
Referred to as a phononic subsurface (PSub), a finite-sized
phononic structure is placed underneath an elastic surface
exposed to a flow such as the surface of an aircraft wing, for
example. With this concept, undesirable instabilities/perturb-
ations in a laminar or transitional boundary-layer flow could
be passively and precisely controlled rather than be left to
grow and ultimately trigger transition to turbulence [107–112].
The underlying mechanism of a PSub is destructive interfer-
ence of elastic waves that ultimately leads to destructive inter-
ference of the interfacing flow perturbation waves, causing
them to acquire less kinetic energy from the underlying mean
flow and decay within the vicinity of the control region (see
figure 16) [109]. The opposite effect of flow destabilization
may be induced as well, creating constructive interferences to
delay flow separation rather than transition [107, 109, 111].
While still at its infancy, the field of phononic subsurfaces
is experiencing rapid expansion as evidenced by the growing
number of research groups exploring it and the recent award
of two Department of Defense Multidisciplinary University
Research Initiative (MURI) grants on the topic—in 2023 and
2024 considering the subsonic [113] and hypersonic [114]
regimes, respectively. Considering the elevated levels of skin-
friction drag associatedwith early laminar-to-turbulence trans-
ition, and its negative impact on fuel efficiency, a success-
ful deployment of PSubs in future aircrafts promises to bring
about enormous economical and environmental benefits. In
fact, such benefit would potentially also extend to land and sea
vehicles, wind turbines (WTs), long-range pipelines, among
other applications, bringing further benefits to society.

Current and future challenges

The research published on PSubs to date has established a
new research discipline that promises to ignite the imagina-
tion of both the phononics and flow control communities well

Figure 16. Demonstration of passive local flow stabilization by a
PSub. Colour contours represent the streamwise-component of a
flow perturbation velocity field in a channel when (a) a PnC-based
PSub is installed versus (b) an all-rigid-wall surface. Yellow colour
represents low-perturbation intensity, red colour represents
high-perturbation intensity. The reduced colour intensity adjacent to
the location of the PSub indicates stabilization. Reproduced from
[107] with permission from the Royal Society of Chemistry.

into the future [108–112]. Yet, numerous research issues and
challenges remain ahead, from both the phononics and flu-
ids dynamics perspectives. From the phononics side, when the
general concept of PSubs was first introduced, there was an
indication that any type of phononic structure may be used
as long as certain design criteria are followed [107]. As a
first demonstration, a finite phononic crystal [105] was util-
ized to form the PSub. While this has provided a valid proof-
of-concept, it required a structure that is too long in length
(on the order of 2 m) to be viable for practical application
considering the relatively low frequencies of instabilities in a
flow (e.g., Hz-kHz for subsonic flows). In [108], this limitation
was addressed by employing a coiled phononic crystal struc-
ture, which reduced the total length significantly, although at
the expense of requiring additional space in the lateral direc-
tions. A finite locally resonant elastic metamaterial was then
demonstrated as a PSub in [109] and [111], where again the
length issue was addressed, this time because metamateri-
als may be designed to operate in the subwavelength regime
[11]. However, metamaterials on their part suffer from the
disadvantage of operation at typically very narrow frequency
bands. A key future goal, therefore, for research and develop-
ment is to create PSub architectures that are capable of con-
trolling flow perturbations over a broad frequency range—this
is critical because of the wide range of frequencies typically
encountered in both air and water boundary-layer problems
as well as the inherent uncertainty in predicting the specific
frequencies under various flow conditions. Another import-
ant challenge is the ability to induce flow stabilization over a
long spatial domain, as opposed to only a local region where a
single PSub is installed as done in Refs. [107–109]. Utilization
of multiple PSubs where each engenders local effects, but col-
lectively extends the region of influence was proposed in [110,
111]; however, as shown in [111] this approach brings rise to
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Figure 17. Demonstration of passive downstream flow stabilization by a MIMO PSub. (a) Schematic of PSub architecture.
(b) Three-dimensional flow structure of case without MIMO PSub (top) and case with MIMO PSub (bottom). Reprinted from [112],
Copyright (2023), with permission from Elsevier.

a trade-off between the strength of flow stabilization and the
total length of region covered. The concept of a multi-input
multi-output (MIMO) PSub was proposed as an alternative
solution to achieving nonlocal, downstream flow control (see
figure 17) [112]. This approach while was shown to effect-
ively delay laminar-to-turbulent transition has some limita-
tions such as restriction to a certain direction of propagation
for the flow instability. The overall compliance of the PSub
is another critical consideration. A PSub must be delicately
designed to be compliant enough to enable sufficient interac-
tion with the flow, yet sufficiently stiff to maintain structural
shape and integrity. On the fluids side, research on effective
utilization of PSubs for more advanced flow conditions, such
as bypass transition, fully turbulent flows, unsteady flows, and
high-speed flows (supersonic and hypersonic), among others,
will play a key role in improving the effectiveness of PSubs
and expanding the reach of the technology over a broader
range of applications.

Advances in science and technology to meet
challenges

Future research will target PSub employment that would allow
for broad frequency and wavelength control, as well as an abil-
ity to effectively and efficiency influencemulti-directional per-
turbations in regions downstream to where the PSub(s) are
installed. In addition, the elastic-fluid coupling will require
optimization to ensure effective transfer of phase information
between the solid and flow media, especially under realistic
operational conditions. With all these challenges met, what
will remain is further improvement of the strength of the PSub

flow control effect, as well as its reliability under real-world
flight or marine conditions. Recent and ongoing innovations
in phononics research will be required to produce unit-cell and
finite-structure configurations that meet these target perform-
ance metrics. Reduction of weight and manufacturing costs
will naturally also be a factor for eventual success of this emer-
ging technology. Recent advances in additive manufacturing
and the growing transition to composite materials within both
the aeronautical and marine vehicle industries offer a positive
outlook.

Concluding remarks

The concept of PSubs brings the field of elastic metamaterials
and phononic materials in general to the heart of fluid dynam-
ics, a major field in applied physics and engineering, with a
promise to impact a vast array of applications ranging from
aviation and ships, to water and oil/gas transport, to advanced
industrial machinery. Given that it is a concept that is based on
rigorous tuning of amplitude and phase, over target frequen-
cies and wavelengths, it promises transformative performance
improvements in these numerous industrial domains. Should
PSubs reach its full potential, the economic and environmental
benefits worldwide could potentially be measured in the bil-
lions of dollars. Similar to championed technologies that have
impacted society over the last few decades, such as the tran-
sistor, the laser, the solar cell, and the global positioning
system, PSubs will only reach its maximum potential with
the collective effort of multidisciplinary research communit-
ies and the support of government agencies and industrial
ventures.
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12. AMMs for noise and ventilation
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Status

Since 2014, when the first acoustic metasurface came out, the
first answer to the question ‘what is the main application you
expect from AMMs?’, whether in academia or with the gen-
eral public, is always ‘noise management’ [115]. It is therefore
not surprising that the companies explicitly commercialising
AMMs27 focus on managing unwanted sound or vibrations.
Multiple solutions have been described: initially narrow band,
but recently over multiple octaves [116].

A key opportunity for AMMs (in this space) is to offer
innovative solutions to the problem of managing noise and
ventilation simultaneously: a well-known challenge to practi-
tioners still in 2020 [117]. The importance of this challenge is
only due to increase, in an overheating world trying to reduce
carbon emissions28. Moreover, solutions that offer more vent-
ilation and less noise are required by the increased acoustic
sensitivity registered worldwide post-pandemic.
Mass-based solutions are not effective, because intrinsic-

ally against airflow. Therefore, traditional approaches—trickle
vents, acoustic windows, louvres, silencers—rely on the phys-
ical mechanism of absorption. In our space-hungry world,
however, these devices still need a lot of (relative) space, with
denser materials being more effective and dimensions on the
scale of the largest wavelength of operation.29 Moreover, most
absorptive materials require complex disposal procedures at
life end.

Metamaterial-based solutions, instead, promise less space
and lower densities. The base material is less important than
the geometry, and this makes metamaterials open to greener
manufacturing. Crucially, some geometries allow airflow (see
[118] and references therein). To highlight what research is
still needed, this part of the roadmap focuses on the develop-
ment ofmetamaterial silencers to highlight (some in figure 18).

Current and future challenges

Nature of the noise. The typical noise from forced ventila-
tion has two components: one due to the airflow (broadband,

27 At the time of writing, and to the author’s best knowledge, these were
(in alphabetical order) AMG (HK), KEF (UK), Metacoustic (F), MetaPax
Akustik (TR), Metasonixx (UK), Phononic Vibes (I), Sonobex (UK), Sound
maTERia (I).
28 A widespread use of heat pumps, for instance, would create a significant
source of noise in high population density areas.
29 The fundamental frequencies for speech (90–255 Hz) correspond to
wavelengths of 1.3–3.8 m.

typically peaked at 1000–2000 Hz) and one due to the pump/-
fan (tonal, typically below 250 Hz). Traditional absorbers
are extremely cost-effective above 2000 Hz, thus metama-
terials focused on lower frequencies. So far, however, solu-
tions were either focused on the tonal part [119, 120] or on
the range 1000–2000 Hz [122], where reductions of at least
20 dB were observed. These studies proved that a specific
metamaterial-based solution is available for each pipe/pump
system. Existing forced ventilation systems, however, come
in all shapes and pipe diameters: not only we need solutions
that approach simultaneously both components of this type of
noise, but they need to be tunable to allow retrofitting. For
people-focused applications, solutions should improve per-
ception and not just merely reduce emissions in dB (see ISO
12913).
Metrology.Metamaterials are far from being homogeneous

and uniform, while these are two key assumptions of stand-
ard measurement methods like ISO 10534 (i.e. the one using
impedance tubes). Measurement methods should be revised
and uniformed, to allow effective comparisons.
Fluid dynamics. Not all the designs from figure 18 were

tested for pressure losses, while this should be part of every
work in this area. When pressure drop was measured, a vari-
ation of ISO 7235 was used (i.e. the one used for duct termin-
ations). Once again, this standard only considers the average
air speed, while comparing solutions that are not necessarily
homogeneous would require a full measurement of the velo-
city profile in the pipe (or at the exit of it). This becomes crucial
e.g. to assess whether dust (and bacteria) would accumulate
when devices are used in real applications.
Physical mechanism. Even if designed with an innovat-

ive metamaterial approach, the solutions [119, 120, 122] are
based on resonators. These are instruments that acousticians
have used for many years: extremely effective, but (poten-
tially) prone to change with temperature. Even the speed of
sound used in simulations changes with temperature, but this
effect is not investigated (or mentioned). Practical applications
need an assessment in this sense.
Scaling-up dimensions. While some of the solutions in

figure 18 are already 3D, most of the modelling is still made
using 1D or 2D. Not only moving to 3D introduces new solu-
tions and new eigenvalues that may change how the (acoustic)
energy is managed by a given geometry, but most real-world
problems are three-dimensional without doubt. Care needs to
be taken in extending the results of 1D modelling.

Advances in science and technology to meet
challenges

This type of applications may require a step beyond the phys-
ical mechanisms used by acousticians for centuries. It requires
solutions that are tunable (to different set-ups), fully character-
ised (also in terms of their directionality, thermal dependence
and fluid dynamics) and ideally designed in collaboration with
experts of fluid dynamics.
Multi-disciplinarily. Solution [121] wants to be a first step

in this direction. It way of functioning has been inspired by
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Figure 18. Examples of metamaterial approaches to silence noise in a pipe with forced ventilation: (a) using Fano resonances. Reprinted
figure with permission from [119], Copyright (2019) by the American Physical Society; (b) using Helmholtz-like resonators. Reprinted
from [120], Copyright (2019), with permission from Elsevier; (c) using phase delays along the direction of the flow [121] and (d) using
quarter-wave resonators perpendicular to the flow, in a rainbow configuration. Reproduced from [122]. CC BY 4.0.

Figure 19. Attenuation of the device in figure 18(c), with positive values corresponding to a reduction in amplitude, in a configuration with
one and two attenuators: (a) single attenuator at 1000 Hz, as a function of the angle (values relative to the one at 0◦) and (b) single and
double attenuator as a function of frequency, as measured at 90◦ from the axis of the pipe with airflow. The measurement set-up was similar
to the one described elsewhere [123]. The maximum pressure drop measured during these tests was 20 Pa at 1 m s−1.

optics, and in particular by the interaction between two inter-
ferential filters or polarisers. Used as a single attenuator, the
device in figure 18(c) has a broadband attenuation of 4 dB
(over 4 octaves) with a thickness of 25 mm (see figure 19(a)).
For comparison, the designs from [119] and [120] achieve at
least 40 dB reduction (over a single frequency, which was
460 Hz in their tests with a thickness of 52 mm) while the
solution proposed in [122] reaches at least 20 dB, with peaks
as high as 40 dB (over 1/2 octave). The current design, how-
ever, increases the speed at the centre of the pipe (thus causing
a+ 3 dB to the noise in front of it) while reducing noise emis-
sions elsewhere (i.e. already at angles greater that 10◦ from
the axis). Its characterisation thus requires a full velocity (and
attenuation) angular profile, similar to the one of a loudspeaker

(see figure 19(a)). Furthermore, when two attenuators are used,
the device in [121] generates also an additional peak, whose
position in the spectrum can be moved by changing the relat-
ive position of the devices. Figure 19(b) show the case of two
attenuators with a different rotational symmetry (C5 and C6),
aligned in 2 different positions.
Manufacturing. It can be argued that the progresses of

AMMs and advanced manufacturing have gone in parallel, but
only a few years ago the cost of 3D-printing was too high for
mass-production: any business proposition would have been
a high-value, niche one. Over the years, however, research
designs have become simpler and additive manufacturing con-
tinues to improve. The challenge of mass-producing metama-
terial solutions is still far from being solved, though.
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Concluding remarks

The first metasurface dates back to 2014: seven years after
the pioneering work in optics that introduced the concept of
‘metamaterial’. Since then, the term ‘acoustic metamaterial’
has migrated from being perceived as science fiction to applic-
ations, with companies starting to work with the different
research groups worldwide. There is amazing science to be

made at the frontier between optics and acoustics but, in the
short term, helping society with the simultaneous management
of noise and ventilation may be the most significant contribu-
tion of the field to everyday life, and in particular to non-zero
targets. To get there, scientists need to move out of their labor-
atories and reach out to other disciplines, adding metrological
and manufacturing considerations to their amazing metama-
terial designs.
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Strategies to control façade sound insulation and ventilation
have been developed with completely separate approaches
in buildings [124]. Traditional windows, for example, allow
visual connection with the outside, natural ventilation, and,
when closed, partial sound insulation. However, traditional
systems limit the user to choosing one function at the
expense of the other, mining indoor environmental quality
[125]. So far, researchers have used different methodologies
to overcome both problems using, for example, mechanical
ventilation [126] and active or passive noise control systems
[127, 128]. The latter has the advantages of consuming low
amounts of energy and can be implemented directly inside the
window leading to improved durability, such as withmicroper-
forated panels [127] or AMMs [129]. Metamaterials for noise
and ventilation control are typically duct-like structures with
resonant systems embedded (e.g. metasurfaces, metamater-
ial cages, and labyrinthine structures) [130] and originated
for mechanical applications (sound-proofing of endothermic
engines) [131]. Three of the current challenges about metama-
terials for ventilated and sound-proof windows are: (i) a con-
sistent multiphysical analysis from both numerical and exper-
imental points of view [131], (ii) ergonomic design of acous-
tic metawindows (meaning AMMs-based windows, AMW)
for natural ventilation and noise attenuation [130], and (iii)
the lack of consistent standard regulations concerning noise
façade insulation for open windows [132].

Current and future challenges

The latest metamaterials research concerning aero-acoustic
interaction shows that there is still a lack of studies and meth-
odologies about such a realistic multiphysical model (numer-
ical or experimental) [131]. The literature review conducted
by Fusaro et al highlights particular attention on fluid dynam-
ics turbulence generation, propagation and contamination on
the acoustic field [131]. The most used parameters in the stud-
ies published are TL, absorption coefficient (α), Mach number
(Ma), acoustic transmission (T), and flow velocity (v) [131].
Most analyses involving such parameters are conducted as par-
allel mono-physics, and only a few studies combine multi-
physical models (16% present TL+Ma, α+Ma, or TL+ v).
On the other side, focusing on windows applications, the latest
research developments have shown a good—yet not final -
improvement in the ergonomic design of AMMs-based imple-
mentation within industrial design [132, 133]. So far, The
AMMs assessment methods are limited in the field of physical
and psychophysical analysis (see table 1). Finally, European
regulations have drawn precise directions for assessing façade
insulation properties to characterise windows and ensure a

healthy indoor environment [132]. However, most of these reg-
ulations (excluding the UK and the Danish ones in table 1)
concern closed partitions, limiting the application when open
systems for noise insulation are involved [132]. For this
reason, standard experimental methods should be combined
to assess an example of AMW.

Advances in science and technology to meet
challenges

FEM softwares (such as COMSOL Multiphysics) allows to
simulate the aeroacoustics interaction using a combined mesh
method and the linearised Navier–Stokes equations including:
resolution of both thermal and viscous boundary layers, atten-
uation due to the turbulence with the coupling of the turbulent
viscosity, analyses through reactive terms of the interaction of
entropy, shear and acoustic compressibility waves, and fluid-
structure interaction with flow gradient [131]. Regarding the
ergonomic study to implement AMWs, an effective method is
demonstrated to be the following [125, 133]: (i) define themul-
tiphysical requirements (due to the application) and develop
few basic AMMs principles to be used to achieve such require-
ments (analytical and numerical analysis), (ii) embed ergo-
nomic design approach in the defined AMMs principles to
draw a final prototype (through literature review research or
focus group studies), and (iii) test the final prototype with both
physical and psychophysical methods (FEM, experimental
measurements, psychoacoustic analysis and soundscape ques-
tionnaires). Following this method, the AMW will be as com-
prehensive as possible (see figure 20). Finally, to adapt avail-
able national or international standards (e.g. ISO 10140 series,
ISO 16283-3) for assessing AMMs-based partitions for noise
attenuation and ventilation, a recent study by Fusaro et al
showed encouraging results [132]. This study considers a com-
bined numerical and experimental study to determine the noise
sound insulation index (SI), the sound level difference (Dn,e)
and the ventilation potential (blower door test method, ISO
9972) of theAMW.The results discussed in thework of Fusaro
et al show the potential applicability of standard regulation
methods for such prototype.

Concluding remarks

This research aimed to develop an ergonomic AMW and
test it through several approaches (based on physics, psy-
chophysics, ergonomics, and standard regulations). The
final metamaterial-based design includes a 3/4 wavelength
resonator elements (ergonomically embeddable within the
window frame and easily manufacturable by extrusion).
The AMW consists of a cubic main structure measuring
1.2 × 0.8 × 0.2 m, which incorporates an AMM system
within the window frame area, as depicted in figure 20. Each
unit cell contains eight resonance cavities. By adjusting the
internal structure, local resonances create a stopband effect.
Structurally, the unit cell resembles a waveguide with peri-
odic scatterers that allow lateral flow exit. Inspired by the
acoustic black hole effect, the theoretical wave propagation
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Table 1. Stages of the multi-disciplinary approach used in the AMW for ventilation and noise attenuation.

METHOD VALIDATION FIELD AIMS STANDARDS

1. Analytical Acoustics Studying metamaterial principle for
noise and ventilation requirements

EN 13779, UK Approved Document F
Volume 1, 2021 and DS 447:2021,
Ventilation for buildings—Mechanical,
natural and hybrid ventilation systems
on ventilation requirements

2. Numerical Acoustics and Fluid
Dynamics

Parametric optimisation on specific
acoustic/ventilation requirements

The numerical setup should consider
the experimental standards

3. Experimental Acoustics and Fluid
Dynamics

Assessment of the numerically
optimised final design

ISO 717 and ISO 10140-1,2,4,5 and
ISO 16283-3 on facade noise
insulation, and ISO 9972, EN 13779,
UK ADO-F Vol. 1, 2021 and DS
447:2021, on ventilation requirements

4. Ergonomics/
Human
perception

Psychoacoustics and
Soundscape

Evaluation of the final design’s impact
on human perception and ergonomic
function

ISO 532-1-3 on Loudness, and ISO
12913-1,2 on Soundscape

Figure 20. Schematic of the development of a metamaterial-based window for ventilation and noise attenuation by Fusaro et al [132].

in this design results in an acoustic stopband due to the res-
onant tubular array [132]. More details on simulation results
and theoretical discussions are available in a prior publication
[134, 135]. To enable practical use in buildings, the design
must shift towards a more ergonomic and traditional form.
Parameters like specific impedance (Z1, 2) and refractive index
(n1, 2), associatedwith different geometrical areas of theAMW
unit, were analysed. Variations in refractive indices across
these areas create an out-of-phase effect for sound waves
travelling through the AMM unit cell, a phenomenon con-
firmed regardless of the angle of incidence for any refract-
ive index. This principle supports the AMW’s ability to func-
tion as an omnidirectional sound barrier, as validated by pre-
liminary numerical analyses that confirm its effectiveness

against waves from all directions. The prototype was created
by laser-cutting a 0.01 m thick plexiglass layer (for the indoor
and outdoor panels) and 3D printing the AMM unit cells
using fused deposition modelling and polylactic acid (PLA)
filament.

The final AMW results performing better than an equival-
ent window (with the same opening ratio) with aDn,e that goes
from 30 to 40 dB (frequency range of 100–5000 Hz) with
a fully open window (flow rate per person satisfies the EN
13779 standards). Such findings advocate for adopting these
advanced AMWs over traditional ones, offering effective vent-
ilation and noise reduction benefits and could help develop
more inclusive regulations also considering open sound insu-
lating devices as vertical partitions for the built environment.
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With roots in manipulating sound waves as we do with light
[136], the application of AMMs in professional and immersive
audio has grown in importance due to its potential to revolu-
tionize audio technologies. The continued relevance lies in the
pursuit of advanced capabilities for audio reproduction qual-
ity, spatial soundscapes delivery, and unprecedented control
over acoustic environments response.

AMMs have demonstrated the ability to encode a desired
sound filter by engineering their geometrical characteristics.
Metasurfaces having sub-wavelength dimensions have been
successfully integrated in a listening environment for shaping
room acoustics, by tuning AMM panels response as desired
[137].Metamaterial panels have also provided tailored absorp-
tion and diffusion, even when seeking a non-intrusive solution
for low frequencies treatment, as predicted by [138].

System of metamaterial lenses capable of overcoming the
diffraction limit have also been coupled with a sound system,
enhancing efficient control on its emitted wavefront [139].

Figure 21 shows ametamaterial Keplerian telescope, whose
objective consists of two converging lenses positioned at a
variable distance, used to deliver sound following a listener
moving in the horizontal plane [140]. Metamaterial-based
solutions have also proved to reduce the unwanted sound emis-
sions in loudspeaker systems [141], resulting in a lighter and
more compact system as a first benefit. Therefore, the ability
of metasurfaces to manipulate sound propagation could ensure
the optimal delivery of audio in various professional settings.
For example, the integration of acoustic lenses in studio mon-
itors might improve precision and accuracy of the emitted sig-
nal, focusing sound around the listener position and limiting
the contribution of the room response.

Moreover, further advances could become instrumental in
creating immersive audio experiences in VR and AR environ-
ments. AMMs can indeed enable the simulation of realistic
three-dimensional soundscapes when combined with audio
systems, enhancing their overall immersiveness. Their ability
to control sound reflections can also enhances the listener’s
sense of space.

Therefore, AMMs are allowing for the design of new per-
spectives in the audio sector, which is becoming increasingly
tuned to the sound preferences of the listener.

The transformative impact of AMMs on audio technologies
is set to redefine industry standards, offering enhanced audit-
ory experiences and novel applications.

Current and future challenges

Once a passive acoustic metasurface is designed, that is what
you have to shape sound delivery. Recent breakthroughs

Figure 21. (a) Photograph of acoustic telescope with auto-zoom
lens, designed to deliver sound to a target listener. (b) A potential
application, connecting acoustically with a single person in a crowd.
Reproduced with permission from [136].

involve the development of dynamic metamaterials, allow-
ing adaptive control of acoustic properties. This innovation
promises even greater versatility in the audio application
area. Recent findings allow for tunable active metamater-
ials, enabling real-time adjustments to suit specific acous-
tic requirements [142]. Continued advancements will have
profound implications for concert halls, recording studios,
and auditoriums as well as contributing to the development
of high-performance sound reinforcement systems. However,
issues arise due to the need for a real-time response from such
devices, which may have to rapidly vary their internal geo-
metry (i.e. their response) while ensuring high-quality sound,
evenwhen changing the listening environment conditions. The
challenge is to design a system that is both mechanically effi-
cient and acoustically effective, over a sufficiently wide range
of frequencies and signal amplitudes.

The demand for miniaturization became crucial also in
acoustics, greatly influenced by developments in its neigh-
bouring field like optics. To facilitate integration with con-
sumer electronics and smart sound systems, it is imperative
that AMMs become increasingly lightweight and compact.
Therefore, there is a high demand for the development of nano-
structured metamaterials. However, complexity arises when
low frequencies are involved. Nevertheless, such advance-
ments could open up new possibilities for miniaturized devices
with exceptional acoustic performance.

To address the imperative of minimizing our environmental
impact, a future objective will undoubtedly involve meeting
the biodegradability requirements of the materials they com-
posing acoustic metasurfaces. In conclusion, there is a rising
demand for the advancement of curved and flexible AMMs.
Depending on the specific application context, it becomes
imperative to enhance their properties, such as resilience or
auxetic behaviour.

Advances in science and technology to meet
challenges

To address current challenges, advancements in the materi-
als science, design methods, and fabrication techniques for
AMMs in audio systems are becoming crucial. Innovations
in metamaterial design, incorporating dynamic elements and
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adaptive features, are contributing to approach the require-
ments of real-world applications. Interdisciplinary collabor-
ations between acousticians, material scientists, and engin-
eers are demonstrating to be pivotal for developing commer-
cially viable solutions to match the listener desired sound
experience.

Physics and human expertise have always guided the
design of AMMs. Historically, to achieve the desired goals,
some parameters are fixed while others are iteratively mod-
ified through computationally intensive numerical simula-
tions. Over the years, the complexity of the internal geo-
metry of these engineered materials has increased [143],
together with the demand for controlling multiple para-
meters simultaneously. More recently, the new strategy of
inverse design optimisation using gradient-based, gradient-
free methods [144] and evolutionary algorithms, has star-
ted to gain traction. Rather than starting from physical prin-
ciples describing the behaviour of the metamaterial, these
methods aim to achieve the desired acoustic functionalit-
ies through optimisation within a search space often defined
by the metamaterial parameters. Inverse design methods
also allow the user to specify multiple objectives in the
optimisation of the metamaterial design such as, the sound
system response and the spatial response of the listening
environment.

Integrating machine learning and optimisation algorithms
to retrievemetamaterial designs represents a promising avenue
for addressing complex challenges in the acoustic metasur-
faces coupling with modern sound systems. Taking inspira-
tion from digitally controlled loudspeakers, metasurfaces are
realizing sound zone filters [145], shaping the wavefront to
follow a desired pressure distribution in a target listening
area.

The emission correction methods in optics, are aiding to
accurately retrieve the design of an acoustic metasurface, by
targeting a desired wavefront shape in a listening area.

To reduce the spherical aberration of a metasurface super-
lens coupled with a simplified sound system, a correct-
ive metasurface design is retrieved by hill descending. In
figure 22 the pressure distribution comparison obtained with
and without the corrective device, retrieved using two different

Figure 22. (a), (b), (d), (e) Two objective functions, pressure
distribution comparison: (a), (d) without corrective device, (b), (e)
with last combination of metamaterials found by the algorithm; (c),
(f) SPL difference between the last and without corrective device
[144].

objective functions is showed, together with the sound pres-
sure level difference of the two.

Concluding remarks

The integration of AMMs in audio systems promises to
redefine thewaywe perceive and interact with sound. Acoustic
metasurfaces, when integrated with sound systems, provide
VR users with greater control over the desired sound, offer-
ing the freedom to move more freely within the listening
space without the need for headphones. Incorporated within
sound systems and the listening environment, acoustic metas-
urfaces contribute positively to enhancing control over the
sound experienced by the listener.

In the future, systems similar to the one shown in figure 21,
promise to become valid allies for the digitally controlled
wavefront shape loudspeakers typically used to control the
response of a sound system. The increasing research on
the optimal design methods for metamaterials, also drawing
inspiration form design methods used for both digital filters
and optical lenses, will increasingly allow a desirable coup-
ling of metasurfaces with audio system.
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Status

The worldwide interest in renewable energy, especially wind
energy, has skyrocketed due to its immense potential for
generating electricity, reducing our reliance on depleting
fossil fuels, and promoting net zero carbon emissions [146].
However,WTs, the governingmechanism of wind energy, suf-
fer from excessive noise, which constricts their constructions
in urban-suburban areas, alongside the regulated operation in
rural areas with compromised energy yield, posing signific-
ant challenges to pursuing net zero. Specifically, noise annoy-
ance contributes to adverse human health, fears of deprecat-
ing nearby property values, and hinders the development of
new and existing projects, thus limiting the acceptance of wind
farms among local communities [147]. Nevertheless, this dire
situation is mainly dealt with by incentivising nearby residents
with the likelihood of gaining their acceptance [148].

A crucial aspect is to develop an innovative solution to
increase the trust and support of the community towards sus-
tainable power generation by enhancing the attractiveness of
wind farms without depending on additional incentives. Using
recent advances in AMMs [149], one innovative solution
is integrating wind farms with visually appealing sculptures
or green spaces within and surrounding areas. These struc-
tures (which can be trees, bushes, or any human-made sculp-
tures) acting as phase and amplitude-modulating metamateri-
als would not only reduce noise levels but also address resid-
ents’ aesthetic and landscaping preferences and promote their
comfort and well-being, all while being sustainable and adher-
ing to the relevant government regulations and policies.

Current and future challenges

Various low-noise strategies have been devised and adopted
in practice to mitigate the adverse noise impacts inside wind
farms [150]. However, these measures necessitate significant
amendments to existing systems that often entail high costs or
failure to reach the desired level of noise reduction. Techniques
like operating WTs at reduced power output or strategic dis-
tancing ofWTs from residents typically result in compromised
energy throughput or landwastage (∼300m) that could be oth-
erwise used for practical purposes. Despite these challenges,
the wind community continues to strive towards minimising
noise levels with no compromise in the effectiveness of the
existing processes to exploit wind energy to its full capacity.

With new wind farm development, it is challenging to
develop comprehensive solutions with recommended policies

to increase the likeliness of wind farms as low environ-
mental impact, enhanced energy, and human-friendly opera-
tion. Traditional noise barriers are often ineffective, expensive,
and aesthetically unappealing, whereas the challenge persists
in designing them as aesthetically pleasing, resembling nat-
ural structures such as trees or mini gardens or visually pleas-
ing figurines, to enhance the public perception satisfying land-
scape principles and visual impact and promote community
engagement towards wind farms. Most noise control solutions
are implemented with constant wind flow (wind speed and
direction); however, analysing erratic wind flow patterns with
emerging machine learning can provide more robust and real-
istic solutions complying with noise standards. Furthermore,
the increasing penetration of wind energy and the placement of
more WTs can amplify the probability of WT and bird or bat
collision deaths and can also induce a complex predicament of
WT blade wastage problems, which may present a formidable
challenge for futuristic wind farms [202, 203].

Advances in science and technology to meet
challenges

AMMs have emerged as the potential tool for manipulat-
ing and controlling noise with unprecedented capabilities that
are impossible to gain through conventional materials, mak-
ing them a suitable candidate for noise control [151, 152].
However, traditional full-walled solid structure AMM designs
limit their acceptance to outdoor environments, especially
when dealing with low-frequency sound (∼100–6000 Hz),
where the placement of AMMas largewalls can disturb nearby
residents. Thus, there is a need for innovative and sustainable
noise control solutions that not only reduce noise levels but
also blend into the surroundings and be well-accepted by soci-
ety. Our recent analysis demonstrated the novel optimal design
of AMMs as aesthetic ‘holey’ segmented structures, where
metamaterial unit cells are arranged in subgroups with bare
minimum coverage, yielding a similar wind farm noise reduc-
tion as full-walled structures [153]. This will give researchers
an edge in designing aesthetically pleasing AMM structures
resembling natural figurines (with bare minimum metamater-
ial unit cells) that will facilitate the placement of these noise-
manipulating structures inside wind farms or in the neigh-
bourhood of nearby settlements, addressing their landscape
and visual requirements. Furthermore, the strategic place-
ment of these aesthetic AMMs in and around wind farms can
have a massive potential for noise manipulation without dis-
rupting the operating performance or sacrificing the energy
throughput, facilitating early approval from the local author-
ities. Additionally, the placement of these innovative noise-
reducing aesthetic sculptures enables wind farmers to lever-
age the unused noise-restricted areas for practical purposes,
such as building new residential developments or position-
ing additional WTs within existing wind farms in compliance
with noise standards and regulations, as visualised in figure 23.
Being material agnostic, building AMMs with recycled WT
blades can be a latent opportunity for wind farmers to reduce
the WT blade wastage problem. Furthermore, the ability of

34



J. Phys. D: Appl. Phys. 58 (2025) 433001 Roadmap

Figure 23. Illustration of the prospective usage of AMMs as noise-cancelling innovative sculptures to preserve human health and wildlife
while retaining the aestheticism of wind farms. (Here, we have envisioned AMMs as aesthetic solar trees and palm tree structures; ‘House’
are the sound receptors; 5Dro is the sufficient inter-turbine distance to avoid wake-induced power loss; and ‘unused land’ is the
noise-restricted area for WTs to prevent adverse impacts on human health.)

AMMs tomanipulate and control sound fields can be exploited
further to redirect bats and birds away from WTs, thus envi-
sioning wildlife conservation by mitigating WT collisions or
turbine-induced death rates.

Concluding remarks

The persistent noise issue from wind farms negatively impacts
the nearby human health and surroundings, limiting its accept-
ance by local communities. Existing solutions predominantly

compromise wind farm efficiency, increase unused land
area, limiting the full utilisation of wind energy. AMMs,
with their advanced noise-manipulation capabilities, mater-
ial versatility, and sub-wavelength unit-cell patterned design,
offer a promising path forward in dealing with the chal-
lenging wind farm noise while complying with landscape
and visual impact policies. This opens up a new opportun-
ity for wind farmers to build enhanced energy throughput and
noise-less, human, and wildlife-friendly onshore wind farms
in urban and suburban locations, meeting climate control
targets.
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Extended AMMs

16. Seismic metamaterials and their development
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Status

Studies on real structured soils (figure 24), including seismic
metamaterials, have unveiled the existence of complex wave
phenomena within and around the structured zone [154, 155].
The aim is to assess areas where seismic or vibratory energy
is concentrated, and to decide whether it would be worthwhile
to exploit them by judiciously placing piezoelectric energy
sensors [156]. It is interesting to note what can be done with
vibration sensors implanted in civil engineering structures,
and to show the potential interest of seismic metamaterials in
this context. The modification of the surface signal by both
structured soil and surface resonators meets the challenges of
Civil Engineering through the effects of soil-structure inter-
action. Seismic metamaterials can therefore not only be con-
sidered for building protection, lensing and minimizing the
effects of potentially deleterious Rayleigh waves [154, 155],
but also have potential applications in energy harvesting using
ambient seismic noise [156, 157]. We do not claim collect-
ing energy from devastating earthquake can become a reality,
but we stress that small ground vibrations due to ambient seis-
mic noise and human activities can be harvested through arti-
ficial defects in, or spatial graduation of, large scale periodic
structures.

Current and future challenges

The principles of periodicmedia cannot be easily transposed to
terrestrial materials without a rigorous definition of the condi-
tions of validity. Notably, these conditions are the strain range
of the soil making possible the justification of an elastic beha-
viour and a thick and homogeneous sedimentary site to limit
the reflection effects of the underlying geological layers of
contrasted impedance [157].

Measurements must be interpreted in light of the physical
phenomena expected in periodic media (the seismic mirror
[154] and lens [155] implemented and tested by the Menard
company near the French cities of Grenoble and Lyon in 2012
are explored both as scaled up versions of phononic crystals
and metamaterials. However, in the case of these large-scale
experiments, the focus was mostly on the control of ground
acceleration around 1–2 Hz, since 5–10 storey buildings have
a fundamental frequency in the same frequency range. It was
observed that the horizontal to vertical ratio can be dramatic-
ally reduced or enhanced in specific areas, around, and within,

the seismic lens, thereby allowing either for earthquake pro-
tection, or other functionalities such as energy rerouting and
localisation). Diffraction, including Bragg reflection [154] and
the double image of the source due to the negative refraction of
a flat lens [155] are particularly noteworthy (figure 24 shows
the formation of a first image of the source within a staggered
hole pattern which effectively behaves like a Pendry–Veselago
lens). However, it should be remembered that a metamaterial
is defined as an artificial composite material made from the
assembly of smaller resonators, whose wavelength at reson-
ance is much greater than their physical dimension. Then, to
obtain local resonances, holes in the ground such as Helmholtz
resonators or rigid inclusions can be considered [158, 159].
The modification of the signal by a structured soil and sur-
face resonators meets the demands of civil engineering and
the soil-structure interaction practiced in earthquake engin-
eering (figure 25(b)). Research topics converge on seismo-
logy and the effects of secondary sources generated by surface
buildings.

Advances in science and technology to meet
challenges

Metacity was a concept first put forward in the late 1980s
based on experimental observations of soil response and
its devastating effects [161]. It has been known since the
1950s that the natural frequencies of any man-made struc-
ture are influenced by soil-structure interaction, particularly
on soft soils, and that the presence of structures on the sur-
face of a homogeneous half-space can significantly modify
ground motion, as buildings can act as secondary sources
(figure 25(a)). This is a paradigm shift with the usual earth-
quake engineering design process, that studies each building
as if it were in a space with no other constructions around
it. Assuming that the wave field is influenced by all the sur-
rounding buildings makes a seismic cloak possible at the
scale of the city (figure 25(c)). Its design is based on a spa-
tially graded structured soil with effective properties deduced
from some conformal mapping [156]. Such effective proper-
ties are achieved in practice with buildings of varying heights
described by analogic Maxwell models as shown in figure 25.
It is also possible to detour surface Rayleigh waves around
a building with concrete columns buried in the soil [162].
On the other hand, one can attenuate vibrations of a build-
ing with auxetic concrete foundations [163], and of fluid-
filled storage tanks with metamaterial foundations consisting
of a mixture of rubber and concrete [164]. These concepts of
anti-vibration systems via low frequency stop bands would
also be applicable to lateral vibrations of bridges induced by
pedestrians [165], as an alternative to phononic stop band sys-
tems implemented notably beneath the London Millennium
bridge [166].

Because of studies carried out on the interaction of cities
with the seismic signal [161], some researchers have studied
the influence of the trees of a forest on the surface waves [167]
andWTs as ametamaterial-like urban layer [168]. The concept
here is to position sensors in areas where vibratory motion
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Figure 24. (a) Example of a staggered hole pattern (20–40 m) in a soil near the French city of Lyon. The impact source (S) is located at
10 m from the long side [155]. The energy scale is arbitrary and normalized. The figure shows energy concentrations at locations of interest
for positioning vibration sensors [155, 156] after a time lapse of 2.227 s following an impact. (b) Impact source compaction equipment with
a 17 t punch mass (courtesy of Menard).

Figure 25. (a) The building vibrates as a result of seismic waves, and then, through inertial effects, becomes a secondary source of vibration
itself. (b) Soil-foundation interface is modelled here in the case of three degree of freedom with analogic Maxwell models (KH, KV,
respectively horizontal and vertical stiffnesses, KM is the rotational stiffness of the model). (c) Concept of Metacity cloak based upon
transformation urbanism using a conformal mapping [156] with, in addition, soil-structure interaction. (d) Principle of ambient seismic
noise collection [160]. Energy comes from several mechanical sources: telluric ambient noise (imperceptible micro-earthquakes) and human
activity on the surface (e.g. the use of speed bumps to create impact and diffuse mechanical waves). The device can be composed of a
soil-metamaterial that enhances energy and a judiciously placed converter that transforms mechanical waves into electrical energy.

is amplified by surface resonators [156]. Seismic metamater-
ials come into play by virtue of their ability to concentrate
the mechanical energies of seismic waves and seismic ambi-
ent noise. It should be noted that seismic metamaterials were
first studied in the case of earthquakes [154]. City vibrations
are also of interest to researchers, who are using the fibre
optics (D.A.S.—distributed acoustic sensing) already installed
in cities as a gigantic network of seismic sensors [169, 170].

Distributed acoustic sensing is a technology that enables con-
tinuous, real-time measurements along the entire length of a
fibre optic cable. For example, each building can be modelled
as an oscillator with soil-foundation interface conditions.

In urban areas and for the frequency range of interest
for civil engineering structures (0.1–30 Hz), the orders of
magnitude for particle velocities at ground level are 10−6–
10−5 m s−1. For accelerations, values are of the order of
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10−5–10−3 m s−2. The rapid development of sensor sensitiv-
ity, miniaturization, falling costs and energy storage capacities
will make it possible to exploit seismic ambient noise exacer-
bated by structured materials (in the ground or in buildings).

An example of potential application

One example of this approach is the use of speed bumps
for car and truck traffic. Interestingly the vibratory regime is
also constantly maintained by natural telluric activity, with
all the micro-earthquakes being imperceptible to man, as well
as by human activity on the surface. The advantage of struc-
tured soils, including metamaterials, is that they create a con-
centration of mechanical energy with the possibility to place
a sensor in the best place to transform mechanical energy
into electricity [160, 171, 172]. Anyone living in a building
with a truck lane nearby can feel the vibrations produced
(figure 25(d)). The twofold challenge of mitigating ground
vibration and simultaneously harvesting the associated mech-
anical energy requires damping seismic waves in some areas
and enhancing them in others through localization mechan-
isms (e.g. creating defect in otherwise periodic structures).

It is therefore of foremost importance to further investigate
interplay between seismic wave dispersion and dissipation
in periodic, graded, quasiperiodic metamaterials [173–177].
Theoretical, numerical and experimental crossed analysis of
site-city interactions as proposed in [178] is a promising route
towards the design of seismic metamaterials with applications
ranging from earthquake protection and reduction of seismic
ambient noise caused by human activities to seismic energy
harvesting in urban areas.

Concluding remarks

The development of building construction is steadily moving
towards smart buildings and cities. All free energies will be
exploited: solar, geothermal, wind energy, seismic ambient
noise, etc. A decisive turning point in the evolution of seis-
mic metamaterials is their ability to create energy channels—
rather chaotic as there is a certain level of unpredictabil-
ity in current models (notably due to soil’s inherent aniso-
tropy, heterogeneity, absorption and various sources of non-
linearities), but potentially profitable for installing sensing
devices.
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17. Nanophononic metamaterials: thermal
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resonances
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Status

Phononics is an emerging field that seeks to elucidate the
nature of intrinsic vibrational motion in artificially structured
materials, and uses this knowledge to bring rise to unique
and often superior forms of physical behaviour compared
to conventional materials. The field bridges multiple discip-
lines across materials physics and engineering, and spans mul-
tiple scales reaching the atomic scale where a rigorous defin-
ition of phonons originates–quanta of lattice vibrations. In
this section, the concept of a metamaterial is taken to the
nanoscale realm where the notion of a nanophononic mater-
ial (NPM) resides [179]. An NMP is a nanostructured crys-
talline material that comprises two components: (1) a host
medium where thermal transport takes place and (2) intrinsic
substructures that serve as nanoresonators. A common config-
uration of an NPM, for example, is a freestanding membrane
(thin film) with a periodic array of nanoscale pillars extrud-
ing from one or both free surfaces. The base membrane and
nanopillars could be made out of a semiconductor, such as sil-
icon. Heat is partially transported along the base membrane
segment of this configuration in the form of vibrational wave
propagation, referred to as phonons. The atoms making up the
miniscule pillars on their part generate stationary vibrational
waves, referred to as vibrons. These two types of waves lin-
early couple to from an avoided crossing in the nanopillared
membrane’s phonon band structure [180]; see figure 26. This
coupling process causes a hybridization between the two cor-
responding mode types, the traveling modes and the stand-
ing modes. This in turn causes reductions in the base mem-
brane phonon group velocities, as well as enables the genera-
tion of new modes localized spatially in the nanopillar por-
tion(s); it also reduces, albeit moderately, the phonon life-
times at and around the phonon–vibron coupling regions in
the phonon band structure. These effects together cause a
drop in the in-plane lattice thermal conductivity of the host-
ing membrane [181]. It is noteworthy that an NPM does not
necessarily need to be periodic, although periodicity is con-
venient for analysis and design. While electromagnetic [182]
and acoustic [11] metamaterials are championed because of
their unique resonant properties in the subwavelength regime
(i.e. where the microscopic architectural features are much
smaller than the travelling wavelength), the intrinsic reson-
ances in an NPM produce desirable effects across the entire
spectrum, including the superwavelength regime. Another key
difference is that phonon motion in an NPM is dominated by
anharmonic (nonlinear) effects due to the nature of interatomic
interactions. It is therefore necessary to ensure that the nanor-
esonator features are smaller than the mean free path of most

of the phonon modes at the temperature of interest [183].
Since their discovery in 2014, NPMs have attracted numerous
research exploring a wide range of base materials and geo-
metric configurations, such as nanowires with nanoresonating
walls [184], graphene ribbonswith nanoresonating flaps [185],
carbon nanotubes [186] and graphene sheets [187] with nanor-
esonating bucky balls, among others [183]. Recently, a project
partially funded by the Advanced Research Projects Agency-
Energy (ARPA-E) produced the first experimental validation
of NPMs demonstrating not only reduction in the thermal
conductivity but also a decoupling between the thermal and
electrical properties—a much desired outcome for thermo-
electric energy conversion [188]. A significant advance in
the efficiency of a thermoelectric device based on materi-
als with favourable cost, fabrication, and device integration
attributes—all possible with NPMs—has the potential to spark
a revolution in solid-state energy conversion across numer-
ous industries. Promising applications include recovery of
waste heat in power plants, computer microprocessors, vehicle
engines; improvement of solar cell efficiency; development of
efficient solid-state (e.g. fluid- and compressor-free) air con-
ditioning and refrigeration.

Current and future challenges

The research published on NPMs has established a new
research area in nanoscale thermal transport that promises
rewarding results not only in producing new nanostructured
materials with exceptionally low thermal conductivity [181,
183–187] and high thermoelectric energy conversion figure
of merit [188], but also potentially impacting other domains
in condensed matter physics in general where phonons play a
critical role in shaping intrinsic properties. However, numer-
ous research issues and challenges remain ahead, particularly
on the nanofabrication, quality control, and device integration
fronts. A key requirement for an NPM to function is to ensure
that the feature sizes at the unit-cell level (for a periodic con-
figuration, for example) are small compared to the mean free
paths (MFP) of the phonons. Given that the thermal transport
is carried by a large number of phonons, defined across the
unit-cell’s Brillouin zone and spanning the full spectrum, it
is desirable to limit the feature sizes to at least the average
phonon MFP at the temperature of interest, which is estim-
ated to be a few hundred nanometres in silicon [189]. This, in
turns, places considerable size constraints on the nanofabrica-
tion process, whether it is based on a form of epitaxial growth
[188] or E-beam lithography techniques [190]. Furthermore,
the nanoresonators, e.g. nanopillars on a membrane, must be
composed of a single-crystal material with minimal defects to
avoid excessive reduction of the phonon MFP, which would
prevent the resonances from influencing the phonons travel-
ing in the host material, e.g. the base membrane supporting
the nanopillars [183]. Such stringent requirements on mater-
ial quality imposes constraints on the nanofabrication pro-
cess, including the need for avoidance of undesired residual
stress, diffusion of elements, and rough surfaces [188]. Lastly,
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Figure 26. Phonon band structure and mode shapes for a nanophononic metamaterial in the form of an all-silicon nanopillared membrane.
(a) Phonon frequency and group velocity dispersion curves of a silicon membrane with (green) or without (red) silicon nanopillars standing
on one surface. (b) Membrane atomic displacements for a phonon mode without and with the addition of a nanopillar in the unit cell,
respectively. The uniform membrane mode shape shows significant motion. In contrast, the NPM hybridized mode shape exhibits localized
nanopillar motion and almost ‘thermal silence’ in the base membrane portion. In (a), a zoom-in is provided for two hybridization zones
including the one illustrated in (b). A magnification factor of 2000 is applied to the atomic displacements in the mode-shape images.
Reprinted figure with permission from [181], Copyright (2018) by the American Physical Society.

Figure 27. Atomic-scale configurations of various types NPMs investigated in the literature: (a) silicon nanowire with extruding silicon
walls serving as nanoresonators. Reprinted figure with permission from [184], Copyright (2016) by the American Physical Society, (b)
graphene sheet with carved out flaps acting as nanoresonators. Reprinted figure with permission from [185], Copyright (2018) by the
American Physical Society, (c) carbon nanotube with carbon bucky balls as nanoresonators. Reprinted from [186], with the permission of
AIP Publishing, (d) Graphene sheet with carbon bucky balls as nanoresonators. Reprinted from [187], with the permission of AIP
Publishing.

an NPM will only be effective when integrated into a device
structure with minimal parasitic losses. Given the need
for nanoscale features, such fabrication challenges must be
addressed in a manner as to keep open a path for upscaling
and mass production—in order to meet economic feasibility
targets.

Advances in science and technology to meet
challenges

Future research will target further NPM nanofabrication and
characterization with a focus on optimizing relative design
dimensions to maximize the resonance hybridization effect
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and realize its maximum impact within an experimental set-
ting. These steps must capitalize on the recent advances
in nanofabrication and characterization technology, particu-
larly lithography and laser spectroscopy techniques, respect-
ively. Parallel advances in high-performance computing and
machine learning will enable faster and more accurate predic-
tion of the performance of atomic-scale NPM models, which
is needed for efficient realization of the experimental targets.
Furthermore, new configurations of NPMs, based on different
constituent materials, will emerge to impact a wide range of
applications; see, for example, the NPM architectures shown
in figure 27.

Concluding remarks

The concept of NPMs bridges the fields of elastic metamater-
ials with condensed matter physics, with a promise to impact
a vast array of applications in materials physics including

thermal management, thermoelectricity, quantum devices, and
more. Realization of tunable, broad-spectrum phonon reson-
ances intrinsically in a crystalline material is a concept that
alters the fundamental properties of the material, at the atomic
level, as demonstrated by the changes in the thermal conduct-
ivity. Other key material properties may be altered as well by
the phonon resonances. Other aspects that will grow in the
future is further understanding of phonon resonances from a
variety of perspectives, such as their localization properties
[191] and their thermodynamics behaviour [192]. As basic
research on NPMs develops further, opportunities for indus-
trial applications will present themselves, particularly with
the continuing advances in nanodevice technology. Similar to
impactful technologies that have transformed society over the
last few decades, such as the transistor, the laser, the solar cell,
and the global positioning system, NPMs will only reach its
maximum potential with the collective effort of multidiscip-
linary research communities and the support of government
agencies and industrial ventures.
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Status

Despite rapid development in recent years, both in modelling
and fabrication, and the realisation of practical applications,
AMMs remain underutilised by industry. Particularly attract-
ive uses for AMMs are for noise control at frequencies in
the audible range (16 Hz–20 kHz) and absorption for med-
ical devices at ultrasonic frequencies (⩾20 kHz). Here, a dis-
cussion on applications relevant to these use cases is provided
below.

The prevalence of building acoustics design and environ-
mental noise applications demonstrates a strong need for new
acoustic absorbing materials. Environmental noise, typically
widespread in its coverage, is routinely associated with poor
health and is linked closely with psychological symptoms and
the use of psychotropic medications [193]. To address increas-
ing demand for low-cost, high-density housing, metamaterials
may offer extraordinary noise attenuation solutions for sep-
arating panel designs with enhanced sound absorption [194],
for example—see figure 28(A). Considerable work is being
done in the aeronautics industry to reduce excessive noise
levels from aircraft. Current approaches involve using wall lin-
ing absorbers that exploited quarter wavelength absorption—
metamaterials offer a sub-wavelength, enhanced noise reduc-
tion though Fabry–Perot resonance [195].

Metamaterial design for ultrasonic frequencies would be
especially useful for use in medical ultrasound applications
such as imaging or therapy, which are rapidly growing fields
in ultrasonics. While there have been many studies focused
on the theory behind AMMs, designs for the ultrasonic
regime approaching the Megahertz range are largely still not
reported in the literature [196], mainly due to the difficulty
in manipulating extremely small wavelengths. Figure 28(B)
shows an example of AMMs applied in medical ultrasonics.
Additionally, the experimental realization of theoretical high
frequency models has still been slow to progress, in part attrib-
uted to the small, complex features required.

Fabrication approaches like additive manufacturing have
already been applied to realise early AMM prototypes, with
a variety of extraordinary properties demonstrated. Additive
manufacturing has been identified as a potential solution to
fabricate the small features required for high-frequency ultra-
sonic metamaterials [197]. While manufacturing methods that
utilize a single-step approach can create periodic structural
elements with high validity, a multi-step fabrication approach
is the preferred choice to obtain elaborate features in the micro
and even nanoscale [152].

Current and future challenges

While additive manufacturing shows promise, techniques are
not yet progressed enough for the high throughput scenarios
required in commercial use. Different AMM applications have
extremely varied requirements, and hence face different chal-
lenges in their widespread deployment. For these complex
structures, cost is arguably the main apprehension when look-
ing at large scale industrial deployment [195].

Challenges associated with applying ultrasonic metama-
terials include the resolution needed to manufacture sub-
wavelength structures that are, in most cases, fundamental
components of metamaterials [199]. To implement theoret-
ical designs into industrial applications, versatility is important
in device design. Examples of increasing versatility include,
broadening working bandwidths and increasing absorption
properties with reduced thicknesses [199]. This issue could
be addressed through Active AMMs—metamaterials that can
be altered through an external stimulus—to create tuneable
broadband absorbers/attenuators.

ManufacturingAMMdevices is difficult due to their unique
structures and surpass the current capabilities of pre-existing
fabrication techniques [200], see figure 29 for further detail.
The three broad types of 3D printing are: Vat Polymerisation;
Powder Bed Fusion; and Extrusion/Deposition. These span a
wide range of resolutions (see figure 29). Despite the signific-
ant promise of Vat Polymerisation techniques, a major disad-
vantage is its failure to incorporate multi-material capabilities
[152]. Active AMMs have a variety of frequency modula-
tion methods, however all require specialist materials typ-
ically incompatible with additive manufacturing techniques.
The use of support structures in additively manufactured parts
have increased design flexibility. However, the addition and
removal of supports introduces some challenges, namely the
overuse of time, energy, and increased cost from additional
materials [197].

An additional challenge in AMM manufacturing is the tol-
erance difference between the original and final part dimen-
sions. Dimensional metrology is crucial for metamaterial
development, due to the nature of metamaterials’ function
being solely reliant on their geometric structure. Options for
measuring and assessing the quality of metamaterial fabric-
ation are visual inspection, callipers/rulers, CT scanning and
non-destructive testing (NDT) methods such as using pitch-
catch transducers. Despite these examples, there is still no
standardised method for measuring AMM fabrication con-
ditions, which consequently is hindering the manufacturing
quality in preparation for industrial scale-up [201].

Advances in science and technology to meet
challenges

A key topic of interest for metamaterial research progress is
additive manufacturing, and in turn, the ability to assess fab-
rication quality. The quality requirements vary substantially
depending on application area. For building acoustics, there
is a need for AMMs with large dimensions and high detail
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Figure 28. (A) A structured metamaterial panel for noise absorption. This ventilated silencer is made of an array of several acoustic
metamaterial panels and combine to form a 3D enclosure. The dimensions are customized to target the noise spectrum of specific devices
(Pumps and chillers in this example). Reproduced from [194]. CC BY 4.0. (B) Metamaterial design for a matching layer in an ultrasonic
transducer. This design bridges the impedance mismatch between the transducer and material of interest, resulting in extraordinary acoustic
transmission. Reprinted figure with permission from [198], Copyright (2021) by the American Physical Society.

Figure 29. ‘Phononic spectrum showing the fabrication methods for various operating frequency ranges for AMMs and PCs. The colour
schemes for the lines and boxes denote the type of fabrication method. Blue refers to ‘3D printing,’ green refers to ‘machining,’ yellow
refers to ‘microfabrication,’ orange refers to ‘moulding and casting,’ and coral pink refers to ‘microfluidics and wet-chemical techniques.’ λ
refers to the order of the wavelength of the listed frequency.’ Reproduced from [152]. CC BY 4.0.

that can be scaled up. In the medical field, sub-micron resol-
utions are relevant for high frequency devices, therefore man-
ufacturing precision is extremely important. Despite different
requirements, multi-material printing is a promising develop-
ment that would enable further advancements for both applic-
ations alike.

To progress additive manufacturing methods, minimum
feature size, material options and scale-up potential are of
interest. Vat polymerisation methods show promise in terms
of minimum feature size, with dimensions approaching the
nanoscale. Digital light processing enables many parts to be
printed simultaneously with no additional time and could be
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honed to produce detailed parts on an industrial scale [200].
Extrusion/deposition techniques show the most potential for
multi-material printing and material options. For example, dir-
ect ink writing can utilise a large selection of materials and can
print dimensions as small as 100 µm, but insufficient time has
been devoted to these microfabrication approaches to uncover
their full potential for the fabrication of high-frequency acous-
tic devices [152]. Similarly, micro-stereolithography has been
identified as promising to create AMMs that are functional up
to 2 MHz [196]. Additionally, the design of support structures
of additively manufactured parts needs to be better developed.
Studies have been carried out to investigate the introduction
of support structures that can be dissolved for ease in post
processing [197].

Alongside manufacturing progress, there also needs to be a
standardizedmethod ofmeasuring part dimensions. Regarding
metrology, uptake and development of methods considered
unconventional is required before the quality of metamaterial
parts can be assessed on an industrial scale. A study using x-
ray CT technology to assess lattice structure dimensions sug-
gest a blend of techniques could alleviate issues associated
with unit-cell structure measurement [201]. Without this focus
on metrology, there would be no way to ensure uniform, high-
quality AMM devices, which is vital for industrial use.

Concluding remarks

This work identifies the key applications relevant to AMMs,
and the respective issues associated with manufacturing and
measuring these devices. Two key applications, noise atten-
uation and medical imaging, have widely different require-
ments, and therefore, separate recommendations for progress
in each field.

Acoustic attenuation applications require both high detail
and in-bulk production. Digital light processing and extru-
sion techniques offer robust resolutions while allowing pro-
duction scale-up with minimal time penalties. For met-
rology, standard methods like callipers, visual inspection,
and NDT may be sufficient—dependant on design com-
plexity. Ultrasonic applications require precise fabrication at
sub-micron resolution, as such, micro-stereolithography is a
method of interest. Alongside this, hybrid CT-scanning tech-
niques show promise for assessing part quality in high res-
olution. For adjustable AMMs, extrusion deposition methods
show the best multi-material capabilities with limited resol-
ution. In general, significant further innovation in additive
manufacturing is required before the production of AMMs is
observed at greater scale in industry, and their notable benefits
utilised.
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[177] Brûlé S, Enoch S and Guenneau S 2020 Emergence of
seismic metamaterials: current state and future
perspectives Phys. Lett. A 384 126034

[178] Schwan L, Boutin C, Padrón L A, Dietz M, Bard P-Y and
Taylor C 2016 Site-city interaction: theoretical, numerical
and experimental crossed-analysis Geophys. J. Int.
205 1006–31

[179] Davis B L and Hussein M I 2014 Nanophononic
metamaterial: thermal conductivity reduction by local
resonance Phys. Rev. Lett. 112 ,055505

[180] Honarvar H and Hussein M I 2016 Spectral energy analysis
of locally resonant nanophononic metamaterials by
molecular simulations Phys. Rev. B 93 081412(R)

[181] Honarvar H and Hussein M I 2018 Two orders of magnitude
thermal conductivity reduction in silicon membranes by
resonance hybridizations Phys. Rev. B 97 195413

[182] Pendry J B, Holden A J, Robbins D J and Stewart W J 1999
Magnetism from conductors and enhanced nonlinear
phenomena IEEE Trans. Microw. Theory Tech. 47 2075

[183] Hussein M I, Tsai C-N and Honarvar H 2020 Thermal
conductivity reduction in a nanophononic metamaterial
versus a nanophononic crystal: review and comparative
analysis Adv. Funct. Mater. 30 1906718

[184] Xiong S, Sääskilahti K, Kosevich Y A, Han H, Donadio D
and Volz S 2016 Blocking phonon transport by structural
resonances in alloy-based nanophononic metamaterials
leads to ultralow thermal conductivity Phys. Rev. Lett.
117 025503

[185] Ma D, Wan X and Yang N 2018 Unexpected thermal
conductivity enhancement in pillared graphene nanoribbon
with isotopic resonance Phys. Rev. B 98 245420

[186] Giri A and Hopkins P E 2018 Giant reduction and tunability
of the thermal conductivity of carbon nanotubes through
low-frequency resonant modes Phys. Rev. Lett. 98 045421

[187] Giri A and Hopkins P E 2019 Resonant phonon modes in
fullerene functionalized graphene lead to large tunability
of thermal conductivity without impacting the mechanical
properties J. Appl. Phys. 125 205102

[188] Spann B T et al 2023 Semiconductor thermal and electrical
properties decoupled by localized phonon resonances Adv.
Mater. 35 2209779

[189] Esfarjani K, Chen G and Stokes H T 2011 Heat transport in
silicon from first-principles calculations Phys. Rev. B
84 085204

[190] Lees J, Durham B, Reardon C, Anderson-Taylor M,
Probert M, Hasnip P and Thompson S 2023 Nanoscale Si
fishbone structures for manipulating heat transport using
phononic resonators for thermoelectric applications Phys.
Scr. 98 095928

[191] Beardo A, Desmarchelier P, Tsai C-N, Rawte P,
Termentzidis K and Hussein M I 2024 Resonant phonons:
localization in structurally ordered crystals Phys. Rev. B
110 195438

[192] Beardo A, Rawte P, Tsai C-N and Hussein M I 2025 Entropic
signature of resonant thermal transport: ordered form of
heat conduction Proc. R. Soc. A 481 20240538

[193] Stansfeld S, Haines M and Brown B 2000 Noise and health
in the urban environment Rev. Environ. Health 15 43-82

[194] Yang M and Sheng P 2023 Acoustic metamaterial absorbers:
the path to commercialization Appl. Phys. Lett.
122 260504

[195] Palma G, Mao H, Burghignoli L, Göransson P and Iemma U
2018 Acoustic metamaterials in Aeronautics Appl. Sci.
8 971

[196] Askari M et al 2020 Additive manufacturing of
metamaterials: a review Addit. Manuf. 36 101562

[197] Wu X, Su Y and Shi J 2019 Perspective of additive
manufacturing for metamaterials development Smart
Mater. Struct. 28 093001

[198] Wang J, Allein F, Boechler N, Friend J and Vazquez-Mena O
2021 Design and fabrication of negative-refractive-index
metamaterial unit cells for near-megahertz enhanced
acoustic transmission in biomedical ultrasound
applications Phys. Rev. Appl. 15 024025

[199] Zhang X, Qu Z and Wang H 2020 Engineering acoustic
metamaterials for sound absorption: from uniform to
gradient structures iScience 23 101110

[200] Gardiner A, Daly P, Domingo-Roca R, Windmill J, Feeney A
and Jackson-Camargo J 2021 Additive manufacture of
small-scale metamaterial structures for acoustic and
ultrasonic applications Micromachines 12 634

[201] Sperling P, du Plessis A and Schwaderer G 2021 Challenges
and approaches for metrology of additive manufactured
lattice structures by industrial x-ray computed tomography
Adv. Mater. Res. 1161 131–6

[202] Jia Z, Yang X, Chen A, Yang D, Zhang M and Wei L 2024
Localized eco-climatic impacts of onshore wind farms: a
review 15 151–60

[203] Liu P and Barlow C Y 2017 Wind turbine blade waste in
2050 Waste Manag. 62 229–40

51

https://doi.org/10.1061/(ASCE)EM.1943-7889.0001120
https://doi.org/10.1061/(ASCE)EM.1943-7889.0001120
https://doi.org/10.1016/j.eml.2016.02.004
https://doi.org/10.1016/j.eml.2016.02.004
https://doi.org/10.1016/j.engstruct.2020.110427
https://doi.org/10.1016/j.engstruct.2020.110427
https://doi.org/10.1016/j.physleta.2019.126034
https://doi.org/10.1016/j.physleta.2019.126034
https://doi.org/10.1093/gji/ggw049
https://doi.org/10.1093/gji/ggw049
https://doi.org/10.1103/PhysRevLett.112.055505
https://doi.org/10.1103/PhysRevLett.112.055505
https://doi.org/10.1103/PhysRevB.93.081412
https://doi.org/10.1103/PhysRevB.93.081412
https://doi.org/10.1103/PhysRevB.97.195413
https://doi.org/10.1103/PhysRevB.97.195413
https://doi.org/10.1109/22.798002
https://doi.org/10.1109/22.798002
https://doi.org/10.1002/adfm.201906718
https://doi.org/10.1002/adfm.201906718
https://doi.org/10.1103/PhysRevLett.117.025503
https://doi.org/10.1103/PhysRevLett.117.025503
https://doi.org/10.1103/PhysRevB.98.245420
https://doi.org/10.1103/PhysRevB.98.245420
https://doi.org/10.1103/PhysRevB.98.045421
https://doi.org/10.1103/PhysRevB.98.045421
https://doi.org/10.1063/1.5094061
https://doi.org/10.1063/1.5094061
https://doi.org/10.1002/adma.202209779
https://doi.org/10.1002/adma.202209779
https://doi.org/10.1103/PhysRevB.84.085204
https://doi.org/10.1103/PhysRevB.84.085204
https://doi.org/10.1088/1402-4896/aced72
https://doi.org/10.1088/1402-4896/aced72
https://doi.org/10.1103/PhysRevB.110.195438
https://doi.org/10.1103/PhysRevB.110.195438
https://doi.org/10.1098/rspa.2024.0538
https://doi.org/10.1098/rspa.2024.0538
https://doi.org/10.1515/reveh.2000.15.1-2.43
https://doi.org/10.1515/reveh.2000.15.1-2.43
https://doi.org/10.1063/5.0147941
https://doi.org/10.1063/5.0147941
https://doi.org/10.3390/app8060971
https://doi.org/10.3390/app8060971
https://doi.org/10.1016/j.addma.2020.101562
https://doi.org/10.1016/j.addma.2020.101562
https://doi.org/10.1088/1361-665x/ab2eb6
https://doi.org/10.1088/1361-665x/ab2eb6
https://doi.org/10.1103/physrevapplied.15.024025
https://doi.org/10.1103/physrevapplied.15.024025
https://doi.org/10.1016/j.isci.2020.101110
https://doi.org/10.1016/j.isci.2020.101110
https://doi.org/10.3390/mi12060634
https://doi.org/10.3390/mi12060634
https://doi.org/10.4028/www.scientific.net/amr.1161.131
https://doi.org/10.4028/www.scientific.net/amr.1161.131
https://doi.org/10.5814/J.ISSN.1674-764X.2024.01.013
https://doi.org/10.5814/J.ISSN.1674-764X.2024.01.013
https://doi.org/10.1016/J.WASMAN.2017.02.007
https://doi.org/10.1016/J.WASMAN.2017.02.007

	The 2024 acoustic metamaterials roadmap
	1. Introduction
	2. Breaking the mass-law using thin and lightweight AMM plates
	3. Metamaterial absorbers, diffusers, holograms, and waveguides—deep subwavelength and broadband perfect absorption by AMMs
	4. Acoustic surface waves: controlling sound with structured surfaces
	5. Wavefront shaping using holograms and metamaterials
	6. Extending the range of realizable acoustic properties with active metamaterials
	7. Topological sonic metamaterials
	8. Programmable metamaterials to realize non-Hermitian and time-varying properties
	9. Nonreciprocal and nonlinear AMMs
	10. Metasurfaces for applications in low Mach number turbulent flow
	11. Phononic subsurfaces: crystals and metamaterials for flow control
	12. AMMs for noise and ventilation
	13. Advancement in metamaterial tuning for sound-proof and ventilated window
	14. Advancing sound systems through AMMs
	15. ENAM: enhanced energy noise-reduced wind farms with AMMs
	16. Seismic metamaterials and their development
	17. Nanophononic metamaterials: thermal conductivity reduction by atomic-scale local resonances
	18. Manufacturing, metrology, and scale-up
	References


