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Acoustic Waves

Although we spend little time thinking 
about them, sound waves constantly 
surround us, and permeate virtually 
every aspect of our lives. Scientifically, 
they are called ‘acoustic’ waves of 
compression and decompression, 
which propagate through materials 
as atoms and molecules bump into 
each other in chain reactions of energy 
exchange. These processes are now well 
understood by physicists, but, until now, 
they have not been widely exploited in 
the latest technologies.

In recent years, the study and 
application of acoustic waves has 
been somewhat eclipsed by the field 
of optics, which exploits the properties 
of light waves. However, these two 
phenomena share many similarities, 
for instance, they obey analogous 
governing mathematical equations. 

The New Frontiers of Sound (NewFoS) 
team believes that, since sound offers 
fundamentally different properties to 
light, this overshadowing has been 
preventing many exciting acoustics-
based technologies from coming to 

fruition. Through the NewFoS project, 
the researchers will focus on various 
areas and applications of sound wave 
manipulation, combining their expertise 
to rectify this issue. ‘We will leverage the 
analogies between sound and light to 
bring powerful concepts demonstrated 
with light to totally unexplored venues 
to control sound propagation,’ explains 
Dr Andrea Alù, one of the team leaders 
on the project.

Exceptional Points

Dr Alù and his colleagues at the City 
University of New York have explored the 
properties of ‘singularities’ in models 
of physical systems. At these so-called 
‘exceptional points’, the mathematics 
needed to describe a system’s response 
becomes entirely different from that 
used for conventional systems. So far, 
Dr Alù’s work on exceptional points has 
been based on rare types of optical 
systems that exchange energy with their 
surrounding environments, making 
them useful for manipulating light 
waves in exotic ways. 

NEW FRONTIERS 
OF SOUND: A QUIET 
REVOLUTION

Sound waves are all around us. They govern vibrations from the 
sweetest of sound to the most destructive earthquakes. Now, a 
team of researchers across the US has embarked on an ambitious 
project, named ‘New Frontiers of Sound’, which will pave the way for 
advanced technologies that operate using sound waves. Combining 
the expertise of more than 30 leading scientists and engineers 
from across the field of acoustics, the project promises to discover 
new properties of sound, while offering exciting opportunities for 
researchers from a diverse range of backgrounds. 

These manipulations can be practically 
achieved using ‘photonic’ systems, 
which comprise engineered materials 
with features just a few nanometres 
across. Through experiments with 
these nanostructures, Dr Alù’s team 
determined that these features are 
ideally suited for enhancing sensitivity 
and manipulating light in highly unusual 
ways. This discovery yielded important 
insights for optical applications, 
including ultrasensitive measurements 
and better control over lasers. Through 
NewFoS, these findings will be extended 
to acoustic waves – with important 
implications for a wide range of sound-
based technologies.  
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Breaking Symmetry

Most systems that transport energy 
are symmetric, which means that the 
amount of energy transmitted from a 
source to a receiver remains unchanged 
when the two devices are switched 
around. This phenomenon is known 
as reciprocity. ‘Listening to an echo 
is experiencing reciprocity,’ says Dr 
Chiara Daraio, another team lead on the 
project. ‘Hearing attenuation of sound 
intensity in a forest due to scattering 
by trees is experiencing reciprocity, as 
scattering leads to energy loss.’

At the California Institute of Technology, 
Dr Daraio’s team studied systems 
in which symmetry can be broken 
through the principle of ‘nonreciprocity’, 
meaning that if the source and receiver 
are swapped, and the direction of 
energy flow is reversed, a different 
amount of energy is exchanged between 
them. ‘Nonreciprocity can be used to 
create sound-based low energy loss 
devices and make the battery of your 
mobile device last longer,’ explains Dr 
Daraio.

Dr Daraio’s group uses advanced 
calculations and experiments to 
produce a new material with a 
repeating yet asymmetrical structure. 
As they hoped, the researchers found 
that nonreciprocity could emerge 
in different systems and at different 

frequencies, contributing to the design 
of one-way transport for acoustic waves 
– similar to that observed in electrical 
diodes. In addition, they identified 
the mechanisms responsible for this 
symmetry breaking – which would 
prove critical for the new devices and 
technologies planned as part of the 
NewFoS project. 

One-way Travel

On larger scales than those investigated 
by Dr Daraio, symmetry breaking can 
occur in acoustic waves with a wide 
variety of shapes – which can be 
quantified by their wavelengths and 
amplitudes. NewFoS team lead Dr 
Massimo Ruzzene at the University of 
Colorado, Boulder investigated how the 
most extreme form of nonreciprocity 
can be recreated in acoustic waves: 
a completely one-way flow of sound, 
where no energy would be transmitted if 
a source and receiver were switched. 
To do this, his team devised a setup 
in which a beam of aluminium was 
partially covered in tightly packed, 
repeating arrays of patches that impart 
mechanical forces as they gather 
electrical charge. These patches were 
then connected to circuits and switches 
that periodically varied the mechanical 
properties of the beam over time as 
the waves passed through. Through 
experiments, Dr Ruzzene and his 
colleagues demonstrated that within a 

certain band of frequencies, the beam 
could be manipulated to allow waves 
to freely travel in one direction, but 
completely block them in the other. 

Quantum-like Sound Waves

At the same time as these studies, 
project lead Dr Pierre Deymier at 
the University of Arizona focused on 
the intriguing similarities between 
acoustic waves and ‘entangled’ 
quantum particles – one of the most 
famous and mysterious properties of 
quantum mechanics. The phenomenon 
describes how pairs of particles can stay 
linked to each other, even when they 
become separated by large distances. 
Importantly for Dr Deymier’s team, 
entanglement is also comparable to a 
property that emerges in propagating 
waves, known as ‘nonseparable’ states. 
In previous studies, nonseparable states 
have been observed experimentally 
using laser beams, but not with sound 
waves. 

For the first time, Dr Deymier and 
his colleagues demonstrated this 
using a specialised ‘waveguide’ – an 
instrument typically used to direct 
waves along particular paths while 
sustaining minimal losses. In this case, 
nonseparable states were produced 
by stacking multiple sound waves on 
top of each other and linking them to 
the elastic waveguide through which 
they propagated. This setup allowed 
the researchers to carefully prepare 
and tune the shapes of the intricately 
connected waves as they travelled. At 
last, this result opened a clear door to 
the application of sound in modern 
technologies. 

Sensing Forests

In addition to this study, Dr Deymier has 
explored how acoustic wave sensing 
could provide useful new ways to 
monitor the distribution of vegetation 
across the Earth’s surface. In this study, 
his team introduced a new technique 
for exploiting acoustic waves that travel 
through the ground, such as seismic 
waves emanating from earthquakes, 
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which become scattered and distorted by the roots of trees. 
Using simulated model forests, Dr Deymier’s team calculated 
how these waves would respond to different arrangements and 
densities of trees.

The researchers found that acoustic waves in the ground are, 
in fact, extremely sensitive to these arrangements – displaying 
characteristic scattering patterns that depend strongly on tree 
distribution. They now hope that their results could lead to 
important new ways to characterise tree distributions, with 
applications including improvements to forest management 
and conservation, especially in more remote areas. Overall, 
the study clearly demonstrated just how broad the potential 
benefits of acoustic science can be.

New Frontiers of Sound

Each of these lead researchers, as well as the wider NewFoS 
team, foresees a ‘quiet revolution’ in the field of ‘topological 
acoustics’. Now teaming up to bring sound to the forefront of 
scientific research, they are joined by an educational team led 
by Dr Sara Chavarria at the University of Arizona. Through this 
program, NewFoS will also promote greater involvement of 
researchers in typically underrepresented demographics. 

The team has set out three goals for achieving these results. 
Firstly, the researchers will develop new techniques for 
producing miniaturised devices that can process large amounts 
of information encoded into sound waves. Secondly, they 
aim to produce acoustic wave-generating devices that offer 
far more tuneability than their previous counterparts. Finally, 
they will develop accurate acoustic sensors embedded into 
materials that could become invaluable for monitoring the 
infrastructures of technologically integrated ‘smart cities’ – all 
with lower signal losses than previous devices.

The NewFoS team hopes that by realising these aims, they 
will ‘maximise the positive societal impacts from the pursuit 
of a new science of sound for information processing, 
communications, and sensing, and to leverage these societal 
impacts to foster successful and integrated transitions along 
education-to-professional career paths for a diverse workforce.’

Setting Out a Mission Plan

Ultimately, the NewFoS team hopes that their work will enable 
us to fully exploit the physical properties of sound waves for the 
broadest societal benefits, and attract the interest of partners 
in industry. At the same time, they will develop programs to 
educate and mentor a workforce encompassing researchers 
from a diverse variety of backgrounds and demographics. To 
do this, the NewFoS researchers have drawn out a mission plan 
centred around three central areas.

Firstly, the team will use advanced data science to build new 
materials and structures – combining their expertise to make 
informed decisions of how to manipulate sound waves in the 
most effective ways. Secondly, they will fabricate miniaturised 
devices that incorporate these materials using techniques such 
as 3D printing, which will enable intricate, repeating structures 
to be fabricated on small scales. Finally, they will develop 
techniques for incorporating sound waves from across the 
spectrum of acoustic frequencies, keeping their applications as 
broad as possible. 

New Opportunities for Sound 

As the modern technological landscape becomes ever more 
diverse and expansive, the NewFoS team hopes that their 
project will accelerate an expansion of the role that acoustic 
waves play in driving progress further. Their efforts will unite 
groups as wide-ranging as technologists, researchers, leaders, 
and policymakers to realise these goals, incorporating 
a combination of cutting-edge science and coordinated 
collaboration. 

The researchers now hope that with the success of NewFoS, 
the science of sound may soon play a greater role in improving 
our everyday lives. ‘We imagine a world in which miniaturised 
devices process massive sound-encoded information in way 
current computers cannot; acoustic wave devices enable a 
generation revolution in low loss, tunable, multifunctional 
wireless technologies; and embedded, distributed acoustic-
sensors with high sensitivity and selectivity reveal and monitor 
the infrastructure integrity of smart cities and augment human 
performance in the work environment,’ concludes Dr Deymier.
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