IEEE

IEEE SENSORS JOURNAL, VOL. 20, NO. 8, APRIL 15, 2020

4413

®Sensors Council

An Acoustic Metamaterial-Based Sensor
Capable of Multiband Filtering

and Amp

Huang Xinjing

lification

, Yan Yutian, Ma Jinyu, Li Jian, and Rui Xiaobo

Abstract—Dispersive acoustic metamaterials (AMMs) with
graded refractive index is promising in acoustic sensing
enhancement by providing acoustic rainbow trapping (ART)
effect. However, previous solutions to this type of AMMs
are based on 2D unit cells that require infinite or very large
size in the third dimension; they cannot integrate with con-
ventional acoustic sensors without deteriorating the ability
of acoustic wave manipulation. In order to advance their
practical applications, this paper proposes an axisymmetric,
microphone embedded AMM device with gradient profile as
well as gradient plate thickness and gradient gap width along
the axis. Both numerical simulations and experiments are
performed to examine the ART effect of the proposed AMM
device and demonstrate its excellent capacity of acoustic
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pressure amplification and multi-band acoustic filtering.

Deploying a microphone in the gap does not disturb the acoustic field, so the proposed AMM sensor experimentally
achieves remarkable acoustic gains over one order of magnitude. Sound waves of different frequencies are picked up
by microphones at different gaps, realizing the real-time spatially splitting of the sound spectrum. The proposed AMM
provides excellent immunity to broadband noise and a little weak suppression of the single tone noise while significantly

amplifying acoustic signals of a given frequency.

Index Terms— Acoustic metamaterial, rainbow trapping, acoustic sensing enhancement, artificial acoustic structure.

I. INTRODUCTION

COUSTIC metamaterial (AMM), in the past two

decades, has been rapidly developed. It is a kind of
artificial periodic composite structure designed to manipulate
sound waves with its unit cell far smaller than the acoustic
wavelength [1]-[3]. AMM has many extraordinary acoustic
properties such as negative equivalent density, negative equiv-
alent bulk modulus, negative equivalent refractive index, gra-
dient refractive index and superly large refractive index, and
so on. Because of these particular properties, AMMs could
yield diverse functionalities like acoustic amplification, focus-
ing, deflection, absorption, filtering, slowing down and so on.
AMMs have always been expected to advance acoustic sensing
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and detection technology [4], [5], [7]-[11], [13] in the form
of applicable devices compatible with existing electro-acoustic
conversion sensor. Therefore, activities in development of
AMM devices have never stopped.

Recently, a new class of dispersive AMMs with graded
refractive index (GRIN) that can slow down and trap of
acoustic waves have received lots of interests, as they provide
a promising prospect in acoustic sensing enhancement and
precise spatial-spectral control of acoustic waves. In 2013, Zhu
first experimentally demonstrated a GRIN AMM consisting
of an array of grooves perforated on a rigid bar that traps
broadband acoustic waves and spatially separates different fre-
quency components, which is called acoustic rainbow trapping
(ART) effect [4]. In 2014, Chen proposed an anisotropic GRIN
AMM waveguide comprised of a periodic array of rectangular
steel plates with linearly changed widths spaced by air gaps
with equal thickness; This metamaterial realizes noticeable
ART effect as well as enhanced acoustic sensing through
acoustic wave compression and pressure amplification [5].
A miniature optic-fiber based acoustic point detector was used
to omnidirectionally detect the complex spatial acoustic fields
inside and outside this type of AMMs over a broadband
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Fig. 1. Four typical AMMs with graded grooves as well as ART effect:
(a) An array of grooves with graded depths on a square brass alloy
bar [4]; (b) An array of stainless plates with graded widths [5]; (c) An
array of square holes with graded depths on rigid material [8]; (d) An array
of grooves with the same depth and width but containing several layers
of crack plates with different width gaps [9].
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spectrum [5], [6]. In 2014, Jia proposed a metasurface that
is formed via decorating an array of grooves with graded
widths on a rigid surface; Its ART effect is demonstrated
via numerical simulations; The intensity of acoustic field is
effectively enhanced near the propagation-stop position due
to the slow group velocity [7]. In 2016, Liu used square
holes as unit cell to replace previous 2D groove to construct
a new type of dispersive AMM and demonstrated its ART
effect via numerical simulations [8]. Lu in 2018 proposed a
size-reduced ART structure by inserting several layers of crack
plates in an array of air grooves decorated in the iron block
with equal depth; Effective refractive indices were obtained
by changing the crack gap in each plate instead of changing
the groove depth [9]. Therefore, such structure can realize the
wave trapping in low frequency with a reduced size. Some
typical AMMs with graded grooves as well as ART effect are
displayed in Fig. 1.

Besides graded grooves, there are also some other struc-
tures that are tried to construct dispersive AMMs. Esfahlani
in 2016 proposed an acoustic dispersive prism structure
that can split the sound waves towards different and
frequency-dependent directions, while the leaky-wave nature
of the structure facilitates the sound wave radiation into
the ambient medium [10]. Space-coiling and micro Mie
resonance-based structures are also introduced to obtain
higher refractive index and deeper subwavelength scale by Ni
in 2014 and Zhou in 2016 [11], [12], respectively; However,
for the former, as the air gaps in space-coiling structures
are too narrow to deploy a microphone, only finite element
simulations were carried out to demonstrate the ART effect.
Zhao in 2019 proposed a cochlear-like AMM consisting of
an array of Helmholtz resonators with graded heights along
a cochlear-inspired spiral tube; Acoustic pressure inside each
resonator was indirectly evaluated by using a laser Doppler
vibrometer to measure the vibration of the reflective tape
covering the aperture on the resonator bottom [13]. Ahmed
in 2015 proposed an acousto-elastic AMM model considering
the ability of introducing local resonance feature to mimic the
operation of human cochlea [14], [15]; However, vibration
exciter instead of airborne acoustic radiation was used in
testing the frequency response, so the cochlea or ART effect of
such AMM has not been demonstrated effective in air. Besides

acoustic waves, there are also several reports on the Lamb
wave trapping [16]-[19]. These dispersive AMMs may enable
a series of applications ranging from artificial cochlea to high
performance acoustic sensing and filtering.

However, those AMM solutions above to obtaining dis-
persive or ART effect are mostly based on 2D unit cells
that, in ideal cases, requiring infinite or very large size in
the third direction. In the other hand, their acoustic wave
manipulation capabilities are almost demonstrated in an ideal
situation where the sound field is completely undisturbed;
Manipulated acoustic waves are inaccessible to a real acoustic
sensor; Few of them are experimentally demonstrated capable
of perfectly integrating with conventional acoustic sensors
without deteriorating their acoustic wave manipulation ability.
This unavoidable limitation significantly restricts their further
introduction to practical applications.

Therefore, this paper proposes an axisymmetric, micro-
phone embedded AMM device with gradient profile as well
as gradient plate thickness and gradient gap width along the
axis that is also the wave propagation direction. Both numer-
ical simulations and experiments are performed to examine
the ART effect of the proposed AMM device and demon-
strate its excellent capacity of acoustic pressure amplification,
multi-band acoustic filtering, and immunity to single tone and
broadband noises.

Il. AMM-BASED SOUND SENSOR DESIGN
A. Structural Design

For those AMMSs constituted by tapered plate or hole
array with gradient groove depth, their equivalent density and
modulus are anisotropic, and their acoustic refractive index
gradually varies and are much larger than that of air, which can
shorten the acoustic wavelength and concentrate the energy
of sound waves in a small area. This kind of AMM can
capture a certain width of planar sound waves in the vicinity of
the waveguide, then longitudinally compress and amplify the
sound wave inside the metamaterial, and finally concentrate
the sound wave of a specific frequency at a position in
the metamaterial, which is represented by the ART effect.

We make several improvements to this type of AMMs.
(1) The 2D extrusion structure is changed into a 2D rotating
structure so that the size of the cross section does not have
to be much larger in one direction than in the other direction;
the structure is slim and more compact. (2) The linear profile
is changed to non-linear. In this example, the groove depth
and the axial position are reciprocal to each other, so that the
working frequencies of the gaps can be spatially distributed
along the axial direction with equal interval. (3) In addition
to the gradient profile, the thickness of each air gap and the
thickness of each solid plate are also gradually reduced as the
profile becomes smaller, which can reduce the heat loss caused
by the air viscous effect in the narrow gaps [5], which ensures
a large sound pressure gain. (4) After fully considering the
distribution characteristics of the acoustic field distribution in
the gap, commonly used MEMS microphones are transversely
fixed in the gap, to realize sound pressure measurement in the
gap without disturbing the sound field.
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Fig. 2. Proposed axial-symmetric AMM device with microphones
inserted in each gap; the device has a gradient outline and a graded
refractive index (GRIN) distribution.

The newly designed AMM device is shown in Fig. 2. The
scale bar is 2 centimeters. The AMM excluding the handle
is 200mm long and 60mm wide at the big end. Its outline
is a combined curve described by piecewise functions: y =
738.46/x —24.62 for the main part and y = —13.33x+213.33
for the tip part, where x and y are measured in milimeter.
Such a gradual profile can have the working frequencies of
each gap spatially equally spaced. The linear part is used to
speed up the outline convergence so as to make the AMM
not too long. The AMM consists of a series of sheets with
gradient diameter, gradient thickness, and gradient gap width.
The thickness ¢ of each plate increases from 1.3 mm to 3 mm
with a step of 0.035 mm as the gap radius decreases. The
thickness gradient can keep the stiffness of each plate with
different radius being large enough to avoid acoustic-solid
coupling. The gap distance g between every two adjacent
plates increases from 0.75 mm to 3 mm with a step of 0.05 mm
as the gap radius decreases. The gap distance gradient can
achieve a low heat loss for each gap with different radius.

It is manufactured via 3D printing, and a tiny slot is
embedded at the middle of every two adjacent sheets to fix
the MEMS microphone. The 3D printing material is photo-
sensitive resin which has a Young’s modulus of 2.6 GPa,
and a density of 1.13 g/cm®. What materials are used have
no effect on the acoustic manipulation capabilities of the
proposed device, whether plastic or metal, since the solid-gas
Young’s modulus contrast is 10*-10° and the density contrast
is 103-10*. The acoustic-solid coupling can be neglectable and
the solid surfaces can be treated as hard field boundaries.

B. Validation by Finite Element Simulation

Finite element simulation was carried out to demonstrate the
ART effect of the designed metamaterial. Simulation config-
urations are shown in Fig. 3(a). 2D axisymmetric model and
thermoacoustic coupled physics in frequency domain are used.
The right end face are set to be plane wave radiation, while the
circumferential side and left face are set as perfectly matched
layers to reduce reflection interference. The rectangular area
near the metamaterial is set to be a thermoacoustic domain
where the mesh is refined and thermally viscous layers are

added to cover the solid surface. The incident sound wave
is 1 Pa, and the frequency is swept from 1 kHz to 40 kHz
with a step of 500 Hz. The entire geometry is meshed into free
triangles. For the entire geometry, the maximum mesh size is
1/7 wavelength. For all the gaps, the maximum mesh size is
1/2 gap width at the tip end. In the thermoacoustic domain,
the number of boundary layers near the solid surface is 8 and
the boundary layer stretching factor is 1.2. The simulation
results referred to the acoustic pressure field are shown in
Fig. 3(b)-(g). The simulation results referred to the frequency
responses of each gap will be displayed later together with the
experimental results. Acoustic pressure distribution only in the
thermoacoustic area is displayed, not of the whole domain,
in order to clearly see the bright spot in the AMM.

It can be seen from Fig. 3(b)-(g) that while the sound prop-
agates along the axis into the metamaterial, acoustic waves of
different frequencies will stop in different gaps and be ampli-
fied there. It is worth noting that in the gap where the acoustic
wave stops, the sound field is uniform near the axis, and its
distribution is axisymmetric due to geometric axisymmetry
and is also symmetrical about any longitudinal section across
the axis. If a hard boundary plane is placed across the axis,
the acoustic field distribution should not change. Therefore,
a MEMS microphone chip can be transversely inserted into the
gap to sense the acoustic pressure amplified by the metama-
terial, and the perceptual aperture of the microphone is along
the y-axis. The MEMS microphone itself is an independent
and complete acoustic-electrical conversion device, which only
needs to supply power for. However, the needle-shaped fiber-
optic microphone is cumbersome to manufacture and requires
a complicated assistant system [5], [6]. It requires peripheral
devices such as light source, photodetector, and FP cavity
filter, and cannot accomplish acoustic pressure measurement
in an embedded form. Instead, this paper can achieve perfect
combination and integration of the AMM and the microphone
constituting a veritable AMM-based sound sensor.

C. Theoretical Explanations

Similar to other ART metamaterials, the proposed compact
2D axisymmetric metamaterial-based sensor can gradually
slow down broadband acoustic waves and have them standstill
at different positions, thus trapped and spatial-spectrally sep-
arated when propagating along the metamaterial waveguide.
Such ART effect is achieved by the dispersive modulation
of acoustic velocity through gradually varying subwavelength
unit cells that are strongly coupled along the propagation
direction. The acoustic "trapped rainbow" can be released by
disrupting the balance between the acoustical oscillation inside
individual grooves and the mutual near-field coupling among
the neighboring grooves [4].

The acoustic wave propagating along the surface of the
metamaterial will lengthen its equivalent sound path due to
the interaction with the sound pressure in the gaps, and the
equivalent acoustic refractive index will therefore gradually
become larger and larger because of sound path accumulation
along the acoustic wave propagation direction. The GRIN
causes longitudinal compression and amplitude magnification
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Fig. 3. ART effect of the proposed device demonstrated by FEM simulations. (a) configuration of the simulation model: A 2D axisymmetric model is
adopted, and the axis is y. perfectly matched layers are attached to the left and bottom sides. The AMM is surrounded by a thermoacoustic domain
in the middle of the air domain. The solid surfaces are set as hard boundary. A plane wave is incident from the right side. (b)-(g) Calculated absolute
acoustic pressure inside and outside the AMM when different frequencies of acoustic waves are incident. A bright spot indicates where the sound

wave stops traveling and is magnified.

of the acoustic wave [5]. In addition, gradient outline of
the metamaterial waveguide can help overcome the wave
vector and mode-field mismatch between the metamaterial
waveguide and the background medium (air), thus enabling
a high free-space (air) to metamaterial coupling efficiency.

For each groove, its working frequency that has the highest
gain, is inversely proportional to the groove depth. Therefore,
if the size of the metamaterial is reduced, all the working
frequencies will be shifted higher. It should be noted that the
ratio of the thickness to the width of the groove or plate should
be matchable. If the groove is too thin, the heat loss will
increase and the magnification will decrease; if the plate is
too thin, the rigidity will be lowered and the plate will be
easy to couple and resonate together with the air cavity, and
the sound energy in the air will be thus lost.

I1l. EXPERIMENTS

Experiment apparatus and scenario are displayed in Fig. 4.
Experiments were carried out in an open field where the
acoustic plane waves emitted by a loudspeaker were coupled
from the free space into the metamaterial device. The trans-
mitted signals are a series of sinusoidal waves modulated by

DAQ card
PC AO
Al Al Al Al Al

HHHHHHHPHLH L T — W

Fig. 4. Experiment apparatus. The speaker is about 1 meter away from
the AMM. The acoustic wave propagates along the AMM from the tip to
the big end. One microphone is placed outside the AMM to sense the
incident sound pressure, and another three microphones are inserted
into the AMM to sense the enhanced sound pressure. Four microphone
signals are simultaneously collected by the NI capture card.

Hanning window. Output signals of the reference microphone
outside the AMM and several sensing microphones inside the
AMM are simultaneously acquired; The acoustic gain of the
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Fig. 5. Frequency responses of each gap obtained via simulations and experiments.

AMM was calculated via normalizing the latter’s outputs by
using the former’s output. The frequency of the played sound
was swept froml kHz to 40 kHz with a step of 0.1 kHz.
A total of three sets of experiments were performed: (1) Fre-
quency sweeping experiment to test the acoustic gain and
propagation-stop position of the acoustic waves of different
frequencies; 19 frequency response curves of the 19 gaps in
the AMM will be obtained. (2) Frequency decomposition test;
A multi-frequency composite signal will be split into different
gaps of the AMM. (3) Antinoise interference test, including
both single tone and broadband interferences, to demonstrate
the AMM can amplify a single tone at a predictable gap of
the AMM and suppress broadband noises.

IV. RESULTS AND DISCUSSIONS
A. Frequency Response and Acoustic Enhancement

The acoustic gain and propagation-stop position of acoustic
waves of different frequencies were tested via frequency
sweeping experiments. The results are shown in Fig. 5. For
clear comparison, the spectra of the acoustic pressure obtained
via simulations, and the microphone output and the AMM gain
obtained via experiments at the positions of gaps 1, 5, 9, 13,
17, 21, 25, 29, 33, 37 are plotted together. It can be seen
from the simulation results that the acoustic pressure of the
incident waves is 1 Pa while the acoustic pressure at each gap

is 20-30 Pa, that is to say, the theoretical acoustic gain of the
proposed AMM is 20-30. Nevertheless, it can be seen from
the experiment results that the actual gain is mostly 10-20
defined as the ratio of the microphone output at each gap to
the reference microphone output outside the AMM. At some
gaps, the acoustic magnifications are much smaller than that
at other positions because the acoustic spot of adjacent gaps is
split and cover two gaps. Deploying a microphone in the gap
does not disturb the acoustic field a lot, so the experimental
gain can maintain a high value — over one order of magnitude.
The magnification for higher frequency sound is more stable
and larger. As the position of the gap gradually moves toward
the tip and the radius of the gap gradually becomes smaller,
the characteristic frequency gradually becomes higher. The
spectrum shapes of various gaps of the AMM device measured
via simulations and experiments are very similar. Characteris-
tic frequencies of higher-order mode also appear in many gaps,
and the gap with a larger diameter has a denser higher-order
characteristic frequency distribution.

In the experiment, a shift appears with increasing the
frequency. The reason is that the printed actual AMM device
is a little different from the one used in the simulation.
The printed device has three support bars attached to the outer
edge of those discs, while in the simulation, those discs are
unsupported without bars. Those bars can slightly affect the
acoustic pressure inside the gaps. The equivalent diameter of
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Frequency decomposition functionality of the proposed device. (a): The output signal of one microphone without AMM; (b): Frequency

spectrum of (a); (c), (e), (g): The output signals of three microphones that are inserted into gaps 9, 23, 37 of the AMM; (d), (f), (h): Frequency

spectrums of (c), (e), (g).

each disk is slightly larger than the design value. Therefore,
the resonant frequencies of each gap are a little lower than the
designed values that are obtained via simulations. Gap 17 does
have experimental peak, but the peak is lower than other gaps.
The reason is that the bright spot of 15kHz sound are divided
into two adjacent gaps. The energy split into the two gaps are
not the same and the gap being tested has less energy.

B. Multi-Frequency Component Splitting

The capability of the proposed AMM device for splitting
multi-frequency composite signals was tested. The sounds
containing three different tones, 11kHz, 18.3 kHz, 28 kHz,
were played by a loudspeaker. At first, the mixed signals
were received by a single microphone without the AMM;
Then, three microphones were placed in three gaps inside
the AMM device characterized by these three frequencies to
receive the sound. The results are shown in Fig. 6. Subgraphs
in the left column are the collected signals in time domain
while subgraphs in the right column are the collected signals
in frequency domain calculated via fast Fourier transform.
Subgraphs in the first row are the signals consisting of three
frequency components: 11 kHz, 18.3 kHz, 28 kHz and col-
lected by the single microphone without the AMM. It can be
seen that the three frequency components are very noticeable.
The subgraphs in the following rows are the signals collected
by the three microphones at different gaps in the AMM,
gaps 9, 23, and, 37, respectively, where these three frequencies

overlap the three peaks of the three frequency sweeping curves.
It can be seen that for each channel only the signal of its
own characteristic frequency is noticeably enhanced, while the
signals of other frequencies are not amplified. Sound waves of
different frequencies are picked up by microphones at different
gaps, realizing the spatially splitting of sound signals of dif-
ferent frequencies. Because such multi-frequency component
splitting is real-time and uninterrupted, a simple rectification
circuit can be used to realize the real-time acquisition of the
amplitudes of different frequency components and realize the
cochlear-like functionality.

C. Resistance to Noise Interference

Anti-interference ability of the proposed AMM device was
tested. In order to generating acoustic signals containing both
single tone and broadband noises, a loudspeaker is used to
play two tone components of 11kHz and 18kHz, while a
mobile phone was used to play a music. Music instead of
noise is used because each gap of the AMM can only amplify
single frequency acoustic signal, while both music and white
noise are broadband in frequency domain. While noise can
make people uncomfortable. The results of using music to
verify the frequency-selective amplification of the AMM is
the same as that of using white noise. The frequency of the
music is mainly concentrated in the range of 0.1 kHz to 5 kHz.
At first one microphone was used to receive such hybrid
signals without the AMM; then the same microphone was
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Fig. 7. Frequency selective amplification functionality of the proposed
AMM device. (a) Output signals of one microphone outside the AMM and
inside the gap 17 of the AMM when two tones 11 kHz and 18.3 kHz as
well as a music noise are played; (b) and (c) are the details of the two
peaks, enhanced and suppressed, respectively.

inserted into the gap with a characteristic frequency of 11 kHz,
taking the 18 kHz sound and a piece of music played by
the mobile phone as two kinds of noise interferences. The
spectrums of the signals measured by the microphone in
both cases are shown in Fig. 7. It can be seen that the
AMM device has a strong suppression (about 10 times) for
low frequency but broadband noise, a large enhancement
(amplitude enhanced from 3.5 mV to 60.4 mV, 17 times) for
the 11 kHz signal to be detected, and a weak suppression
(amplitude attenuated from 6.6 mV to 3.8 mV, 1.7 times) for
the 18 kHz interference. Therefore, the proposed AMM device
has excellent anti-interference ability against broadband noise
and a little weak suppression of the single tone noise while
being able to significantly amplify acoustic signals of a given
frequency.

V. CONCLUSIONS

This paper presents an axisymmetric, microphone embedded
AMM device with a gradient profile as well as gradient plate
thickness and gradient gap width along the axis. Numerical
simulations were performed to examine its ART effect, while
experiments were carried out to demonstrate its excellent
capacity of acoustic amplification and multi-band acoustic
filtering. Simulation results show that incident plane waves
of different frequencies are trapped at different positions
along the axis of the AMM, forming significantly enhanced

sound fields. Experimental results demonstrate that deploying
a microphone in the gap does not disturb the acoustic field a
lot, so the experimental gain can maintain a high value — over
one order of magnitude; Sound waves of different frequencies
can be picked up by microphones at different gaps, realizing
the real-time spatially splitting of sound signals of different
frequencies; The proposed AMM device has excellent
anti-interference ability against broadband noise and a little
weak suppression of the single tone noise while being able
to significantly amplify acoustic signals of a given frequency.
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