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Acoustic and elastic waves carry a wealth of useful physical information in real
world. Sensing acoustic and elastic waves is very important for discovering
knowledge in various fields. Conventional wave sensing approaches generally
require multiple expensive sensors and complex hardware systems due to the
uniform spatial transmission characteristics of physical fields. These limitations
prompt the development of wave sensing strategies with high integration
degree, lightweight structure, and low hardware cost. Due to their
extraordinary physical properties, artificially engineered structures such as
metastructures can encode the physical field information by flexibly
manipulating the transmission characteristics of acoustic and elastic waves.
The fusion of information coding and wave sensing process breaks through the
limitations of conventional sensing approaches and reduces the sensing cost.
This review aims to introduce the advances in spatial information coding with
artificially engineered structures for acoustic and elastic wave sensing. First, we
review the enhanced spatial wave sensing with metastructures for weak signal
detection and source localization. Second, we introduce computational
sensing approaches that combines the spatial transmission coding structures
with reconstruction algorithms. Representative progress of computational
sensing with metastructures and random scattering media in audio source
separation, ultrasonic imaging, and vibration information identification is
reviewed. Finally, the open problems, challenges, and research prospects of
the spatial information coding structures for acoustic and elastic wave sensing
are discussed.
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Introduction

Acoustic and elastic waves carry a wealth of useful physical information in real world.
Sensing acoustic and elastic waves is very important for understanding knowledge in
various fields [1-3]. However, current wave sensing approaches generally requires
multiple expensive sensors and complex hardware systems due to the uniform spatial
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transmission characteristics of physical field. For example,
acoustic camera is an imaging device used to locate sound
sources and visualize acoustic fields. It consists a group of
microphones, from which signals are simultaneously acquired
and processed [4-6]. Limited by the law of spatial sampling, the
spatial resolution of acoustic imaging depends on the number of
microphones and the array dimension. The requirements for
simultaneous data acquisition also lead to complex and very
expensive hardware systems. These shortcomings limit the broad
applications of acoustic cameras. In medical imaging, structural
health monitoring, and the Internet of Things for industry, the
same problem arises due to the needs for transducer array and
sensor network. Although the sensors can be made smaller and
cheaper with the development of manufacturing technologies
such as micro-electro-mechanical systems (MEMS) and flexible
electronics [7-9], the manufacturing process is usually
complicated. Meanwhile, the sensors suffer from problems
such as stability, productivity, and longevity. These challenges
prompt development of wave sensing strategies with high
integration degree, lightweight structure, and low hardware cost.

In homogeneous media, the spatial propagation of acoustic
and elastic waves is relatively uniform. Most sensors do not have
apparent spatial responses, so they cannot distinguish where the
sources come from. On the other hand, directly measuring
signals from sources is impossible in most complex cases.
Source signals are filtered by the transfer paths and mixed
during the propagation. Therefore, it is necessary to fuse the
information of multiple sensors and solve inverse problem for
wave sensing, that is, to recover the source information by
measuring the response of sensing system to external
excitations. If we endow the sensors with spatial directionality,
or if we know the spatial wave modulation properties of the
media, the spatial physical information can be calculated at a
lower measurement cost. The latter is the basic idea of
computational sensing, where spatial coding structures and
devices are used to realize a prior modulation of spatial
physical fields. Here, artificially engineered structures play an
important role in computational sensing to encode spatial
transmission and distribution of wave fields. Structural
features can be introduced to spatial information and then
By
one can recover the

merged with computation process. incorporating

computational algorithms, source
information by using fewer or even a single sensor [10, 11].
One of the representative artificially engineered structures is
the metastructure. Metastructures are artificially designed
composite structures with unusual mechanical properties that
[12-14]. The

are

cannot be achieved with natural materials

mechanical properties of metastructures mainly
determined by their microstructures rather than material
composition, thereby enabling a flexibly manipulation of wave
transmission. The study of metastructures can be traced back to
the phononic crystals, a type of wavelength scale periodic

structures with bandgaps, and subsequently extended to
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subwavelength scale structures [15]. Nowadays, the concept of
metastructures has been greatly enriched to include a variety of
artificially engineered structures that can freely tailor the spatial
acoustic and elastic wave fields. Due to their highly designable
mechanical properties, spatial transmission can be encoded and
then employed to break through the limitations of spatial
sampling law and sensor number. By integrating fewer or
even a single commercial sensor with metastructure and
introducing reconstruction algorithms, we can construct
simpler, smaller, and cheaper sensing devices to sense spatial
acoustic and elastic waves.

In this review, we introduce the advances in spatial
information coding with artificially engineered structures for
acoustic and elastic wave sensing. First, we briefly introduce
the transmission manipulation of acoustic and elastic waves with
metastructures. Next, we review the enhanced spatial wave
sensing with metastructures for weak signal detection and
source localization. Then, we introduce computational sensing
approaches that combines the spatial transmission coding
with
progresses of computational sensing with metastructures and

structures reconstruction algorithms. Representative
random scattering media in audio source separation, ultrasonic
imaging, and vibration information identification are reviewed.
Finally, we discuss the open problems, challenges, and research
prospects of the spatial information coding metastructures for

acoustic and elastic wave sensing.

Wave transmission manipulation with
metastructures

In this section, we briefly review the main principles and
approaches for manipulating the transmission of acoustic and
idea of the
transmission manipulation is to control the macroscopic

elastic waves with metastructures. The core
effective physical properties by designing the microstructures.
In 2000, Liu et al. [16] first proposed the concept of locally
resonant phononic crystals and achieved acoustic bandgaps with
frequencies much lower than that of the Bragg scattering
mechanism. The concept of controlling large-wavelength
acoustic waves through small structures opened up the
research field of acoustic metamaterials [17]. The dipole
resonance of local resonators induces the negative effective
mass density within the bandgap. The motion of the metallic
masses become opposite to the motion of the metamaterial
the first

metamaterial exhibits a negative inertial response to external

matrices at locally resonant frequency. The
excitation, thereby suppressing the transmission of acoustic and
elastic waves [18-21]. This negative effective mass density can
also be observed in membranes with adherent masses [22-26].
With further study, researchers found that a negative effective
modulus can be also obtained by generating the monopole

resonance with cavity structures [27-29].
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Since dipole resonances can give rise to negative effective
mass densities and monopole resonances can give rise to negative
effective modul, if it is possible to achieve monopole and dipole
resonances at the same time, double negative metamaterials can
be then constructed [30-34]. Lee et al. [31] designed a double
negative acoustic metamaterial coupling Helmholtz cavity array
with thin membranes. Zhu et al. [35] proposed an elastic
metamaterial with chiral microstructure made of a single-
phase material to experimentally demonstrate negative
refraction of elastic waves at the deep-subwavelength scale.
The effective mass density and bulk modulus of the proposed
metamaterial have simultaneous negative values owing to
simultaneous  translational and  rotational resonances.
Metamaterials with such double negative properties have
attractive application prospects, such as constructing fluid-like
solid structures [36], steering wave beams [37, 38], imaging [39]
and cloaking [40].

Metamaterials can also exhibit near-zero equivalent
parametric properties. Fleury and Al [41] proposed the
realization of a density near zero acoustic metamaterial, which
allows perfect tunneling of sound through very narrow pipes due
to the quasi-static nature of propagation. Cselyuszka et al. [42]
designed a bulk modulus near zero metamaterial composed of an
acoustic duct loaded with a Helmholtz resonator whose
dispersive behavior is used to create a compressibility near
zero response. Single near-zero metamaterials suffer from low-
transmission due to the impedance mismatch with air. Dubois
et al. [43] realized an impedance matched double zero
metamaterial induced by a Dirac-like cone at the Brillouin
zone center. Because both constitutive parameters tend to zero
while keeping their ratio (i.e. the impedance) constant, this
metamaterial can achieve wave collimation of a point sound
source and allow high transmission levels at the same time.

In the past decade, metasurfaces, a type of metastructures
with subwavelength thickness capable of providing non-trivial
local phase shifts (or amplitude modulation), have received
extensive attention [44]. The uniqueness of metasurfaces lies
in their ability to freely tailor spatial wave transmissions so that
the phase and/or amplitude is fully controlled. Therefore, the
wavefront can be flexibly shaped according to the generalized
Snell’s law. Fascinating applications based on metasurfaces have
been demonstrated such as beam steering and focusing [45-49],
holographic imaging [50-52], acoustic levitation [53, 54], perfect
absorption [55, 56], acoustic orbital angular momentum [57, 58],
and intelligent information processing [59]. Recently, the
concept of metasurfaces has been extended from acoustic to
elastic waves to achieve unusual wave behaviors, including source
illusion [60], ultrathin waveguides [61], and flexural wave
absorption [62], that are challenging to realize in conventional
solid media.

Metastructures can implement far more functions than those
described above. For acoustic and elastic wave sensing, the core

idea is to comprehensively use the working mechanisms of
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metastructures for encoding spatial transmissions of acoustic
and elastic waves. The design principles of metastructures need to
be closely related to wave sensing in order to achieve desirable
performance beyond conventional sensing approaches. It should
be pointed out that in addition to metamaterials, some artificially
engineered structures such as scattering masks and apertures can
also achieve transmission coding in specific scenarios. In
Figure 1, we summarize the main principles and structural
design strategies of representative artificially engineered
structures for coding and sensing spatial acoustic and elastic
waves [63-77]. The classification is mainly according to the
application scenarios (e.g. source detection and identification)
and their applicable frequency range. For low-frequency wave
sensing, the mechanisms are mainly based on resonance, while
the principles for high-frequency sensing are mainly based on
scattering mechanism. The main idea for spatial wave detection is
to produce a spatial selective response that enables the source
localization. For multiple source identification and imaging, the
key solution is to encode spatial transmission for computational
sensing. It can be seen that there are knowledge gaps for different
types of sensing in the diagram, which can provide a guidance for
further studies. In the following sections, we will introduce how
artificially engineered structures, including but not limited to
metamaterials, can be used to encode spatial information for
acoustic and elastic wave sensing in detail.

Spatial acoustic and elastic wave
detection with metastructures

Directional acoustic sensing

In acoustic sensing with metastructures, one important
research area is overcoming the classical diffraction limit to
improve image resolution. Mechanisms such as negative
refraction, anisotropy, and resonant tunneling are widely used
to manipulate propagative and evanescent waves for
subwavelength imaging [47], focusing [78], and edge detection
[79]. Differently from the above sensing paradigm, this review
mainly focuses on directional acoustic sensing in this section.
Metastructures are capable of overcoming the limitation of
spatial sampling theorem to achieve directional acoustic
source sensing with both high precision and miniaturization.
Metastructure-based sound source detection mainly utilizes the
selective acoustic responses of metastructures under the
excitation of incident acoustic waves in different directions, so
as to obtain desirable acoustic directivity characteristics. The
studies can be summarized according to the sensing principles as
follows.

In 2014, Chen et al. proposed an anisotropic metamaterial
with gradient high refractive index [66]. This metamaterial is
designed to have strong wave compression effect by increasing

the refractive index of medium to allow sound propagation with a
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The main principles and structural design strategies of artificially engineered structures for coding and sensing spatial acoustic and elastic

waves. The illustrated concepts can be found in the literature [63-77].

large wave vector (Figure 2A). Therefore, a spatial concentration
of wave energy and strong pressure enhancement in the
metamaterial are induced to achieve an enhanced acoustic
sensing. By placing the microphone in different locations of
the air gaps in metamaterial, the amplified acoustic signals with
different frequencies can be acquired. The signal-to-noise ratio
(SNR) achieved in the metamaterial can be enhanced by more
than 20 dB, thereby overcoming the conventional acoustic
the
metamaterial also exhibits a remarkable directional response.

detection limit. Besides the pressure amplification,
From the directivity patterns of the maximum pressure gain of
the metamaterial, it can be clearly seen that the maximum
pressure gain is a function of the incident angle of the
acoustic waves. It is also evident that at a 0° incident angle,
the sound wave can be well coupled into the metamaterial and the
highest pressure gain can be obtained, while at 180" incident
angle, the pressure gain is minimum due to the serious wave
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impedance mismatch at the air/metamaterial interface. The
strong directional response of the metamaterial can be highly
desirable in many acoustic sensing applications and inspire the
device design for sound source localizations [80].

The anisotropic effects of acoustic transmission can also be
found in phononic crystals to enable directional acoustic sensing.
Jiang et al. proposed an enhanced directional acoustic sensing
device with phononic crystal cavity resonance [65]. The
phononic crystal device is designed with a line defect by
replacing a line array with two columns of cylinders
(Figure 2B). The line-defect phononic crystal makes a
resonant defect band within the perfect phononic crystal band
gap range. This means that the line-defect phononic crystal can
be equivalent to an acoustic cavity with Fabry-Perot-like
resonance. The design enhances the input sound wave at the
resonance frequency of the acoustic cavity under the normal
incidence, and produces a desirable direction-sensitive response.
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pressure amplification in anisotropic metamaterials [66]. (B) Enhanced directional acoustic sensing with phononic crystal cavity resonance [65]. (C)
Directional acoustic antennas based on Valley-Hall topological insulators [67]. (D) Deep-subwavelength-scale directional sensing based on highly
localized dipolar Mie resonances [63]. (E)Fano-like acoustic resonance for subwavelength directional sensing with 0-360° measurement [64].
Figure reproduced with permission from: (A), © 2014, Nature Publishing Group; (B), © 2018, AIP Publishing; (C), © 2018, The Authors. Published by
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim; (D), © 2016, American Physical Society; (E), © 2020, Toyota Motor North America. Published by

WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

The sensing frequency can be decreased by enlarging the effective
refractive index of the phononic crystal cavity. On the basis of the
effective acoustic cavity principle, a simplified structure
composed of acoustic gratings with large refractive index is
proposed. The device size can be reduced from 21 of line-
defect phononic crystal to 1/1.5 A of the grating structure,
providing a strategy for reducing the device size. Based on the
similar principle of phononic crystal defect state, Chen et al.

Frontiers in Physics

05

developed a structure that couples phononic crystal point defect
with Helmholtz resonators to realize a high energy density
acoustic enhancement for directional sensing [81]. Besides the
cavity resonance principle, topological acoustic valley transport
(Figure 2C) [67] and near-zero index [82] implemented by
phononic crystals can also be designed to enable a unique
beamforming mechanism that renders a super-directive
needle-like sound reception pattern. The phononic crystal
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direction-finding devices present broad application prospects in
weak signal detection and sound source localization.

The gradient index acoustic metamaterials and phononic
crystals can realize desirable directional acoustic sensing, but they
can hardly be used at low frequencies (<1,000 Hz). By taking
advantage of the resonance effect, the working frequency and
device size can be significantly reduced at the same time. Zhu
et al. design a space-coiling metasurface with highly localized Mie
resonances (Figure 2D) [63]. When the frequency of the incident
acoustic wave is exactly at the Mie resonance frequency, strong
interaction between the core-shell structure and the incident
wave excites the dipolar resonant mode of the metasurface. The
sound energy can be concentrated into a scale much smaller than
the wavelength. The azimuthally dependent pressure field of the
Mie resonance provides a key solution to realize directional
acoustic sensing at deep-subwavelength scale (1/8 7).

Although these works can achieve remarkable directivity
pattern for directional sensing, active scanning of the devices
is needed to obtain the azimuth information of the sound source
[83]. Besides, the requirement of the knowledge of the acoustic
pressure at the device limits their application in sensing of
To these
problems, Lee et al. proposed a deep-subwavelength-scale (1/

amplitude-varying acoustic waves. overcome
8 )) metamaterial sensor based on Fano-like resonance
(Figure 2E) [64]. The metamaterials are designed by coupled
Helmholtz resonators interact with each other. Due to the
coupling effect between the resonators, the spectral line-shape
of resonators show asymmetric characteristic, contriving a Fano-
like resonance. By taking the acoustic power ratio of resonators,
the incident angle in a range of 0°-360° can be identified without
needing to calibrate the acoustic pressure at the device. This work
provides a critical understanding of coupled acoustic resonators
as well as a viable scheme for directional sensing.

Overall, the above studies achieve directional sensing of sound
sources by encoding acoustic transmission through structural
anisotropy, providing feasible strategies to break through the
spatial sampling theorem and reduce the bulky device size.
However, it can be seen that most of the directional acoustic
sensing metamaterials have an obvious tradeoff between the
directivity resolution and low working frequency. The working
bands of the devices are generally narrow. Moreover, the working
principle determines that they can hardly be used to identify
complex acoustic flelds. Therefore, acoustic sensing mechanisms
applicable to combine signal processing methods such as
computational sensing for acoustic imaging, multiple source
separation and identification need to be developed.

Spatial elastic wave detection
For spatial elastic wave detection, metamaterials can also

exert their unique advantages. Current studies of metamaterials
for elastic wave sensing are mainly focused on amplifying useful
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physical information and suppressing harmful information
carried by elastic waves [73, 84-88]. For example, Jiang et al.
proposed an auxetic metamaterial embedded with stretchable
strain sensors [86]. The microcracks of the strain sensor are
elongated due to the 2D expansion in both directions, thereby
significantly improving the sensitivity for recognizing rich
medical details from human pulses. Chen et al. proposed a
of by
programing the bending stiffness of the metamaterial with an

concept elastic wave sensitivity —enhancement
adaptive piezoelectric circuit system [87]. The wavelength of
elastic waves can be compressed to achieve over two orders of
magnitude amplification for flexural wave signals to overcome
the the

information sensing of elastic waves is still not involved.

detection limitation. However, spatial physical

To extract the spatial physical information contained in elastic
waves, Gliozzi et al. [89] and Miniaci et al. [74] used the filtering and
focusing characteristics of phononic crystals to select and reflect the
high-order harmonics generated by the nonlinear effects of damages
(Figure 3A). Combining with the time reversal method, nonlinear
elastic source detection can be realized. The proposed devices
demonstrate their potential as an efficient, compact, portable,
passive apparatus for nonlinear elastic wave sensing and damage
detection, but the requirement of scanning elastic wave fields may
limit their practical applications. Wave mode splitting and
conversion with non-resonant metasurfaces are another attractive
approaches to extracting useful spatial physical information from
mixed elastic wave modes [90-93]. Moreover, the concepts of self-
sensing and actuating metamaterials are developed to achieve
fascinating physical characteristics such as nonreciprocal wave
propagations [94, 95], showing promising application prospects
from vibration protections to ultrasonic sensing and evaluation of
engineering structures.

Driving structural deformations through external stimuli
and further recognizing the structural property changes to
identify the stimuli information is also an approach for
elastic wave information perception. Li et al. proposed a
stimuli-responsive programmable metamaterial inspired by
Mimosa leaves (Figure 3B) [72]. The metamaterial behaves
like an adaptive notch filter to trap the mechanical energy at
a specific frequency range by adaptively changing the local
resonance state of shape-morphing resonators from disorder to
order upon external stimuli. Vibration transmission can thus be
encoded to demonstrate a mechanical implementation of write/
read operation for information perception and interaction. This
work takes a significant step toward the information-driven
elastic wave coding, which may release smart devices from
of

interactive communication, and robotic operation.

complex hardware in scenarios command input,

The above studies open up avenues for developing novel
metamaterial-based elastic wave information sensing systems.
However, they would be stretched when dealing with more
complex elastic wave sensing problems, such as elastic wave

source identification and multiple object localization. To address
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this problem, transmission coding of metastructures could
associate with the computational algorithms. Research in this
area is still in its infancy and has a large improvement space. In
the following sections, we will introduce the concept of
computational sensing with metastructures and review the
representative advances.

Computational sensing with
artificially engineered structures

In many current examples of sensing systems, the sensing
paradigm is typically based on a sequential merger of hardware
output and computational analysis applied on this output. For
instance, classical optical imaging follows a framework of direct
imaging and post-processing. The optical lens focuses the light
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emitted by the scene on the surface, and the image is acquired by
establishing a direct one-to-one correspondence between the
detector pixels and the sample. The intensity of the light field is
discretely collected by a photodetector and digitally processed by an
image processor. The performance of classical optical imaging
suffers from expensive lenses and CCDs, low response speed,
and diffraction limit. These limitations can be overcome by
employing new imaging mode, that is, image formation no
longer only depends on optical physical devices, but a joint
design of front-end optics and post-detection signal processing.
This sensing paradigm is widely known as “computational sensing”.
In general, computational sensing organically combines physical
field coding and information processing, and provides new avenues
and ideas for breaking through many limiting factors in the
conventional sensing systems. It should be pointed out that
computational sensing is a very broad concept, and it contains
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many design methods of sensing devices and computational
algorithms. Among them, compressive sensing is one powerful
mathematical framework that is often leveraged in computational
systems. In the following sections, we introduce the studies on
acoustic and elastic wave sensing mainly based on the compressive
sensing framework.

Concept of compressive sensing

With the development of information age, the amount of data
generated by human society is getting larger. The hardware systems
based on traditional Nyquist sampling law face great pressure in high-
speed data acquisition, massive data storage, and efficient processing.
In 2004, the proposal of compressive sensing theory [96, 97] breaks
through the limitations of the traditional Nyquist sampling law by
using a smaller number of samples to achieve high-precision signal
reconstruction. The basic idea of compressive sensing theory is to use
uncorrelated basis functions to sparsely represent the signal, and
reconstruct the original signal from undersampled data with high
probability by solving the optimization problem. Over the past two
decades, compressive sensing has been deeply studied and widely used
because it can effectively reduce the sensing cost. One of the most
impressive advances in compressive sensing is the design of single-
pixel camera [98]. Unlike traditional cameras with CCD or CMOS
device, single-pixel camera uses only one photodetector to perform
signal measurements that are far fewer than the image pixels. The core
device is the digital micro-mirror device (DMD) with different
deflection directions, which can perform spatial light modulation
by generating multiple random mask patterns as the physical
realization of the measurement matrix. The inner product of the
target image and the mask pattern is projected onto a single
photodetector through a lens. A reconstruction algorithm is used
to recover the original image with low measurement cost. This
pioneering work has inspired many subsequent works on single-
pixel compressive imaging [99-102].

The concept of a general sensing process can be expressed
mathematically as

y = Hx (1)

where y is a collection of measurements, H is the measurement
matrix, and x is the sampled scene. To enable a unique linear
solution for x, the rank of H must equal the dimension of x. In
2006, Candes and Tao [103] proved that when the compressive
measurement strategy is pseudo-random, and totally unrelated to
the sparse basis, appropriate computational algorithms can
recover the correct solution with very high probability from
compressive measurements. This pseudo-random coding
strategy can be used to construct a desirable measurement
matrix H for compressive sensing. The compressive sensing
theory allows the reconstruction of underdetermined scenes
by solving the minimization problem
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where A is the weighting factor. R(x) expresses the likely
composition of the scene, which typically is the /;-norm of the
scene, reflecting the inherent sparsity in natural scenes.

In the last decade, researchers have discovered that
metamaterials with novel physical properties can flexibly
modulate the spatial wave fields, so they can be used as
spatial light modulators (SLMs) to replace the function of
DMD to encode the spatial optical fields. In these studies,
compressed sensing theory is combined with spatial coding
metamaterials to provide new approaches for realizing single-
pixel compressed imaging. The metamaterials can be considered
as a physical implementation of the measurement matrix in
compressive sensing. Hunt et al. [104] pioneered the use of the
guided-wave metamaterial aperture to encode the spatial
scattering field to perform microwave compressive imaging
without lenses, moving parts, or phase shifters (Figure 4A).
The proposed metamaterial aperture allows image
compression to be performed on the physical hardware layer
rather than in the post-processing stage, thus averting the
detector, storage, and transmission costs associated with full
diffraction-limited sampling of a scene. The metamaterial-
based SLMs can also be used for Terahertz imaging [105,
107-109], which is challenging for semiconductor-based
imaging due to the large time constants imposed by parasitic
inductance and capacitance, and mismatch in energy levels.
Watts et al. [105] designed an active metamaterial that
functions as a real-time tunable, spectrally sensitive masks for
terahertz imaging with only a single-pixel detector (Figure 4B).
The modulation can achieve imaging with negative mask values,
which is difficult to achieve through intensity-based components.
For infrared waves, it is essential to realize a fast and efficient
spatial light modulation. Due to the widely tunable electro-
optical response of graphene through the entire infrared
region, graphene metamaterials [106, 110] are proposed for
high speed infrared light modulation and single-pixel imaging
(Figure 4C). The metamaterial-based computational imaging
systems pave a new path for optical imaging that is distinct
from existing focal-plane-array-based cameras. Moreover, they
provide inspirations for computational sensing of acoustic and
elastic waves.

Single-sensor acoustic computational
sensing

Since both electromagnetic and acoustic waves can be
described by wave equations, the concept of single-sensor
compressive sensing with engineered structures can be
extended from electromagnetic waves to acoustic waves. At
first, we introduce the concept of coding spatial acoustic fields
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with random scattering media such as aperture mask and holey
cavity [70, 71, 111-114], which are especially suitable for
ultrasonic imaging. With the combination of the compressive
sensing framework, the requirement for the number of
transducers is expected to be reduced to one [115]. In 2017,
Kruizinga et al. first proposed a ultrasound imaging device that
can perform 3D imaging using a single transducer [71]. The
device makes a compressed measurement of the spatial
ultrasound field using a randomized aperture mask placed in
front of the transducer (Figure 5A). The aperture mask breaks the
phase uniformity of the ultrasound transmission and ensures that
every pixel in the image is uniquely identifiable in the compressed
measurement. By rotating the mask, multiple measurements can
be performed and benefit the reconstruction performance. This
device can successfully image 3D objects placed in water. This
work paves the way for an entirely new method of imaging in
which the complexity is shifted away from the hardware and
toward computing power [111, 112]. Rogers et al. demonstrated a
realization of acoustic source imager, which utilizes a
compressive sensing technique coupled to a series of spatially
orthogonal acoustic screens to perform source localization in air
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using a single sensor (Figure 5B) [70]. Here, diffraction effect is
considered to account because screen openings comparable to
the acoustic wavelength. Later, a holey cavity with diverse
frequency modes was proposed for single-transducer 3D
ultrasound imaging with physical optimization (Figure 5C)
[114]. In this study, a spherical octant is attached to one of
the interior corners of the cavity to make the wave pattern
asymmetric. By employing the compressive sensing framework
to solve the inverse problem, targets such as spheres and letters
can be imaged. These studies provide opportunities for cheaper,
faster, simpler, and smaller sensing devices and possible new
imaging applications.

Such ideas can also be introduced to the photoacoustic
imaging field [116]. In 2017, Yin et al. proposed dynamic
focusing of acoustic wave utilizing a randomly scattering lens
and a single fixed transducer (Figure 6A) [117]. Benefiting from
the high-order multiple scattering in the random scattering lens,
the ultrasound emitted by the single transducer can be
dynamically focused onto any desired point by manipulating
the transmitting waveform. The single channel system can be
applied to decode a photoacoustic image from the received
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ultrasound signal. The proposed system needs neither special
materials or delicate structures nor a large number of channels, so
it could find broad applications ranging from medical ultrasound
imaging to nondestructive detection. Guo et al. proposed single-
shot compressed photoacoustic tomographic imaging with a
single detector in a scattering medium [118]. The imaged
object is illuminated by the speckled field formed through or
inside a scattering medium (Figure 6B). The generated
photoacoustic signals from spatial positions of an object are
recorded by a single ultrasonic transducer after modulation by an
acoustic mask. By using the angular-spectrum method and
the /,-minimization algorithms, 3D imaging of objects can be
reconstructed. In 2022, Guo et al. further replaced the optical
scattering medium with a spatial light modulator to generate
a sequence of optical random patterns. Therefore, a dual
compressive sensing system is established for fast 3D
photoacoustic surface tomography with a high acoustic
resolution below A/10 [119]. The dual-compressed concept,
which unobtrusive into

transforms spatial difference
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spatiotemporal detectable information, can be generalized
to other imaging modalities to realize efficient, high spatial
resolution imaging.

The imaging device based on random scattering media is not
suitable for audio acoustic identification because the aperture size
of the scattering device is close to the wavelength, resulting in a
bulky device size. This problem can be solved using resonant
metamaterials. Compared with random scattering media,
resonant metamaterials can realize the spatial transmission
coding of acoustic waves at the subwavelength scale. In 2015,
Xie et al. first designed a single-sensor multi-speaker listening
device with acoustic metamaterials to separate simultaneous
[68]. The

metamaterial consists of randomized Helmholtz resonator

overlapping sounds from difference sources
arrays to perform diverse frequency modulation (Figure 7A).
As a result, it can be useful for encoding independent acoustic
signals coming from different spatial locations by creating highly
frequency-dependent and spatially complex measurement

modes. The frequency responses of incident acoustic waves
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are highly uncorrelated due to the spatial transmission coding,
which actually implements the desirable measurement matrix of
compressive sensing in physical layer. Combining with the
of the
achieve and

reconstruction  algorithm compressive

the
separation of sound sources in different azimuths with only

sensing,
metamaterial device can localization
one microphone. This work opens up attractive avenues for
novel acoustic imaging paradigms that combine physical layer
design and computational sensing algorithms.

The frequency modulation in the above study is determined
by the lengths of the Helmholtz resonators, so the device is bulky
and not suitable for extension to planar acoustic imaging. In
2019, Jiang et al. propose a prototype of single-sensor acoustic
camera with space-coiling metamaterial for spatial planar
imaging [69]. The structural randomness of the space-coiling
metamaterial makes its effective acoustic parameters highly
anisotropic, thereby enabling highly uncorrelated spatial
coding of acoustic waves. The metamaterial has a deep-
subwavelength scale in height. Therefore, the prototype of
single-detector acoustic camera can be realized by stacking
different metamaterial modules for planar acoustic imaging
(Figure 7B). The reconstruction tasks for imaging and
tracking multiple sound sources have been demonstrated.
Compared with a conventional acoustic camera based on
microphone arrays, the proposed design outperforms the
microphone array in terms of dimension, bandwidth, and cost
while ensuring the accuracy of the acoustic imaging. In the same
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year, Sun et al. further extended the dimension of sound source
location to 3D space by developing a metamaterial enclosure
composed of three-layer hemispherical shells with randomly
drilled holes (Figure 7C) [120]. The performance superiority
is demonstrated by identifying challenging sound sources in real-
life scenarios. In addition to compressive sensing approach,
computational ghost imaging can also be used to recover
acoustic images by correlating a series of spatially resolved
patterns and the corresponding total transmission intensity.
Tian et al. proposed a coding metalens to encode the
evanescent wave information into the propagating waves due
to spatial frequency convolution between the object and masks
(Figure 7D) [11]. High-quality images of a subwavelength object
can be reconstructed in the far field. These studies provide
alternative opportunities beyond traditional techniques in the
fields of acoustic sensing such as intelligent scene monitoring,
and medical

robotic audition, nondestructive evaluation,

imaging.
Computational sensing for vibration and
elastic waves

We
metamaterials to spatially encode acoustic fields, multiple

have reviewed that by appropriately designing

source identification with a single sensor can be achieved.

However, in practical environments, sometimes it is

frontiersin.org


https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2022.1024964

Jiang and He

3120Hz 4320Hz 5240 Hz
h e @ Q

2
Sensing QO

system  »

&
=

Frequency

3
Signal
spectrogram

Segregated signals

Response Amplitude (Normalized)

Source 1 n‘ .
<= ﬁ;erslon
3000 4000 5000 Sowcrz g Algorithm
Frequency (Hz) Source 3 h___’
Outer layer

0 0

o
»

2
-

FIGURE 7

10.3389/fphy.2022.1024964

View A
e S
i »
£ R

Metamaterial

I\Microphone

ol
ir.-

» Source 1 P Source 2

]

H

Reconstructed strength

Reconstructed
strength

Metalens

Far-field
scattered waves

Measured

Recovered image intensity array

Single-sensor computational sensing with metamaterials for audio acoustic waves. (A) Single-sensor multiple speaker listening system with
acoustic metamaterials [68]. (B) A prototype of single-detector acoustic camera realized by space-coiling anisotropic metamaterials [69]. (C) A
metamaterial enclosure for 3D space sound localization and separation [120]. (D) Far-field subwavelength acoustic computational imaging with a
single detector [11]. Figure reproduced with permission from: (A), © 2015, National Academy of Science; (B), © 2019, American Physical Society;

(C), © 2019, The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim; (D), © 2022, American Physical Society.

impossible to extract the inner physical information of structures
by simply performing acoustic sensing, because the source signals
can be easily overwhelmed by other structural noises. Developing
vibration source identification technology can fundamentally
determine the sources The
vibration sources mainly depends on solving the dynamical

of noises. identification of
inverse problem, that is, knowing the vibration transfer
characteristics and responses of the system, and identifying
the

identification methods typically require information fusion

vibration  excitation. =~ Current vibration source
from a large number of sensors for two main reasons. One
reason is that the vibration transfer characteristics are relatively
consistent due to the uniformity of some structures and media.

Another reason is the severe aliasing of the excitation signal
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inside structures during propagation. The vibration source
identification accuracy is greatly affected by the layout of
sensors. If the vibration transfer characteristics of the
structure can be properly designed, it is possible to realize the
compressive identification of vibration excitations. Compared
with the advances in the acoustic fields, coding spatial vibration
transmission and elastic wave fields for single sensor
identification is rarely explored. The core issue is how to
with
transmissions to encode spatial vibration information.

design an  eligible metamaterial uncorrelated

In 2020, Jiang et al. proposed a randomized resonant
metamaterial with
8A) for

vibrations [75]. This metamaterial is designed by using the

randomly coupled local resonators

(Figure single-sensor identification of elastic
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spiral-based resonators with randomized structural parameters
(Figure 8B). Multiple vibration sources are excited at the
boundaries of the metamaterial. A single sensor is used to
pick up the vibration responses at the center of the
metamaterial. The metamaterial is proved to be capable of
producing highly uncorrelated transmissions for different
spatial vibrations due to the disordered coupling of random
effective masses (Figure 8C). Based on encoding spatial
vibration information by uncorrelated transmissions, a
be
experimentally identify various vibration events with only a

compressive  sensing  framework can used to
single sensor (Figure 8D). The designed metamaterial is also
demonstrated to be a new type of human-machine interface.
This study not only is applicable to areas such as smart devices
and Internet of Things, but also provides perspectives for
designing simpler vibration sensing devices.

The advance on vibration transmission coding further
motivates the study of on-shaft vibration source identification.
It is more challenging for coding vibration transmission on the
shaft of rotating machinery because the shaft is generally thin and
long, and made of homogeneous materials. In 2021, Li et al.
proposed a smart metasurface shaft to realize a single-sensor
identification of on-shaft vibration sources (Figure 9A) [76]. The
metasurface covering the shaft consists of local resonators with
random metallic masses and rubber rings. With this design, the
resonance frequencies of local resonators are randomly
distributed in the metasurface, leading to the random
modulation of on-shaft vibration responses at different

locations (Figure 9B). The on-shaft vibration source locations
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can be reconstructed from the measurement of a single sensor
with a high correct recognition ratio (Figure 9C). The smart
metasurface shaft shows potential application prospects in rotor
dynamics, such as rotating machinery condition monitoring,
exciting force identification, and fault diagnosis.

Besides the passive elastic wave identification, object
localization through active elastic wave is crucial in structural
health monitoring and human machine interaction. Compared
with the advances in electromagnetic waves for indoor localization
[121, 122], active computational sensing with spatial coding is
rarely studied in elastic media. A concept of scattering-coded
architectured boundary is proposed for computational sensing of
Lamb waves (Figure 10A) [77]. The architectured boundary with
randomly distributed scatterers achieves multiple scattering of
Lamb waves. Complex disturbances are introduced into the
scattered field to achieve a highly uncorrelated scattering
the of object
information. This property ensures that the locations of objects

coding, thereby eliminating ambiguity
can be uniquely identified with only a single transducer by using
the computational sensing framework. By employing Lamb wave
excitations with different frequencies, multiple measurements can
be performed to improve the imaging performance. Such
architectured boundary can be considered as a physical
multiplexer. A type of touchscreen with architectured boundary
is designed for interactive input as a demonstration (Figure 10B).
The input string can be correctly identified for the touchscreen
with architectured boundary (Figure 10C). This work opens up
avenues for artificially designed boundaries with the capability of

information coding and identification, and can provide exciting
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application perspectives in fields such as structural health
monitoring and human-machine interaction.

Discussion and future directions

We have reviewed the representative advances in spatial
acoustic and elastic wave sensing with artificially engineered
structures. The studies provide inspirations and promising
perspectives for designing novel wave sensing strategies with
simpler, cheaper, and smaller devices. In this section, we discuss
the open problems, challenges, and research prospects of this field.
the of
identification with a single sensor relies on a prior knowledge

Currently, realization spatial  compressive
of the measurement matrix. Most studies use experimental
measures to calibrate and construct the measurement matrix,
and here are some reasons. Due to the unavoidable
manufacturing tolerance and material parameter differences,

there is a gap between the actual sample and the theoretically
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designed one. Besides, the practical test environment is different
from the ideal environment. Experimental measurement is the
most effective method to obtain spatial transmissions of the
artificially engineered structures currently. However, this process
is very time consuming, and only a few discrete spatial positions
can be calibrated. If we can build a theoretical model to accurately
predict the performance of the actual sample, and establish a
mapping between the spatial positions and transmission, we can
reduce the burden of the calibration process, and overcome the
problem that the source information cannot be reconstructed due
to the lack of calibration. Theoretical modeling with machine
learning and artificial intelligence is one way to address this issue.
The mechanical parameters and spatial transmission of
metastructures can be learned from simulation and
experimental data [123]. Overall, the modeling of artificially
engineering structures is an important aspect that needs to be
improved.

Another issue is that the source identification is partly dependent

on some pre-knowledge of the signals, which is also a reason for pre-
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experimental calibrations. In some specific scenarios such as object
imaging and impact signal identification, this problem has little
impact because the wave sensing is mainly determined by the
intrinsic properties of the artificial structures. However, for general
continuous signals such as speech signals and mechanical vibration
noises, it is hard to identify the source localization if we don’t know the
pre-knowledge of the unfamiliar signals. This problem limits the
application of metastructure-based sensing systems in unfamiliar and
complex conditions. Combining the theoretical model mentioned
above with machine learning algorithms may be a possible approach
to address this issue. Reconstructing the temporal waveforms of
multiple source signals is also a challenging but essential research
direction. Innovative coding mechanisms, design strategies, and
advanced signal processing algorithms need to be further explored.

The optimization of the spatial coding artificially engineered
structures is also important. Current studies generally use
redundancy design strategies to achieve a desirable transmission
coding, which leads to somewhat bulk device sizes. By optimizing
the artificial structures, we can reduce the useless microstructures
while maintaining the sensing performance. Meanwhile, the
miniaturization of the artificial structures is another crucial way
to improve the integration degree of systems. Advanced
manufacturing technologies such as MEMS and precision 3D
printing need to be introduced to make lightweight models, so
that the artificially engineered structures can be integrated into
various mechanical systems.

In reality, the multi-physics information detection or
sensing is desired in coupling systems of acoustic and
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elastic waves. Here are some perspectives for developing
One
designing metastructures that can simultaneously handle

multi-physics sensing devices. simple way is
acoustic and elastic waves in the same frequency range
[124, 125] to separately sense the information in different
physical domains. For the most common coupling cases,
decoupling multi-physics information from one physical
field may be a more feasible approach. Matching layers
between medium interfaces (e.g. air/water, water/solid,
and air/solid interfaces) are required to allow the waves in
one physical domain can be efficiently transmitted into
another physical domain [126]. The metastructures need
to have highly sensitive responses to the excitation waves
physical of
decoupling methods and algorithms are also essential to

from other domains. The development
recover the multi-physics information carried by one type
of physical waves. With these efforts, the concept of multi-
physics sensing with metastructures is hoped to be achieved.
Finally, even though plenty of models and strategies have been
proposed, the devices that can be used in the practical environments
have not appeared. Although it is challenging to solve practical
engineering problems, coding and sensing acoustic and elastic waves
with artificially engineered structures is a promising avenue to
endow mechanical system with intelligence. We believe that with
the development of the above aspects, the artificially engineered
structures are expected to be applied in various fields, including but
not limited to medical diagnosis, industrial machinery systems,
Internet of Things, home automation, and robotic systems.
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