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Broadband acoustic signal
enhancement via gradient
metamaterials coupled to crystals
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In this work, a phononic crystal gradient metamaterial structure (PCGMs) is
proposed based on the strong wave compression effect coupled with
equivalent medium theory to achieve enhancement and directional sensing of
weak target acoustic signals. Compared with the conventional gradient structure,
PCGMs exhibit superior acoustic enhancement performance and wider range of
acoustic response capability. Numerical analysis and experimental validation
consistently demonstrate that PCGMs can effectively enhance the target
frequency signals in harmonic signals. This study breaks through the detection
limit of acoustic sensing systems and provides a great method for engineering
applications of weak acoustic signal perception.
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1 Introduction

The application of weak acoustic signal enhancement technology has emerged as a
crucial technological tool in the fields of hydroacoustic communication [1, 2], biomedicine
[3], and environmental monitoring [4, 5]. Over the past decade, considerable progress has
been achieved in enhancing the signal-to-noise ratio in electrical sensor device applications
[6, 7]. Nonetheless, certain discriminative information within acoustic signals, such as
harmonic signals arising from structural damage [8, 9], can be quite weak, often going
unnoticed due to either falling below the microphone sensitivity threshold or being obscured
by intense background noise. Therefore, it is imperative to devise an acoustic signal sensing
system capable of effectively amplify weak acoustic signals.

In the last 2 decades, researchers have paid much attention to acoustically artificial
metamaterials. By designing intricate acoustic metamaterials, they aim to control acoustic
field information through negative mass density and negative bulk modulus properties
[10-12]. New physical phenomenon and mechanisms such as sound absorption [13, 14],
focusing [15-17], directional transmission [18-20], and acoustic rainbow trapping
[21-26] have been generated. Compared with conventional acoustic materials, Zhu
et al. [27] first proposed a subwavelength gradient grid-type structure that employs
subwavelength gaps to selectively capture acoustic signals across various frequency bands.
This innovation demonstrates the structure’s capability to modulate the spatial
distribution of acoustic energy. Chen et al. [28] performed a systematic theoretical
analysis of gradient acoustic metamaterial structures (GAMs). Huang et al. [29]
developed an improved gradient structure acoustic metamaterials (AMM:s) featuring

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fphy.2023.1240468/full
https://www.frontiersin.org/articles/10.3389/fphy.2023.1240468/full
https://www.frontiersin.org/articles/10.3389/fphy.2023.1240468/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphy.2023.1240468&domain=pdf&date_stamp=2023-10-26
mailto:xinsazhao@163.com
mailto:xinsazhao@163.com
mailto:hanjn46@nuc.edu.cn
mailto:hanjn46@nuc.edu.cn
https://doi.org/10.3389/fphy.2023.1240468
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org/journals/physics#editorial-board
https://www.frontiersin.org/journals/physics#editorial-board
https://doi.org/10.3389/fphy.2023.1240468

Zhang et al.

10.3389/fphy.2023.1240468

()

~
()
-’

Perfect matching layer

Air

Plane wave radiation inlet

Thermoviscous acoustic boundary
} + + + % %

-

FIGURE 1

30k R.res.sure waves y
air line -’
z
- 25} z
N s
= Sound Cone >
< 20p 2 1
- Pz
g
g 15p do_c,
g dk  n,
= 10pF 1
5k G
0 L L L L
0.0 0.2 0.4 0.6 0.8 1.0
kx (m/a)

(A) Simulated acoustic system of PCGMs; (B) enlarged view of two gap structures; (C) two-dimensional structure of PGCMs; (D) dispersion diagram.

gradient profiles, varying thickness, and gap width, which resulted
in a significant acoustic gain of more than an order of magnitude.
Recently Chen [30] introduced a gradient metamaterial coupled
with spacing-coiling structure, which has the potential to amplify
acoustic signals by approximately 80 times within the lower
frequency range. However, the frequency bandwidth of the
acoustic signal captured by each slit is reduced, and the
frequency band blind area between the gaps of the gradient
structure is increased, making it less suitable for practical
engineering applications. Furthermore, we discovered that high
refractive index media features can be constructed using
subwavelength phononic crystal (PC) arrays [31, 32]. Nejad
[33] created an acoustic fiber with a higher refractive index
than uniform air using cross-shaped phononic crystals. Ruan
[34] and Ahmed Allam [35] constructed 2D and 3D phononic
crystal focusing lenses based on the equivalent gradient refractive
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index feature possessed by gradient phononic crystals for
applications in underwater acoustic focusing.

In this work, we incorporate phononic crystals to enhance the
gradient metamaterial properties. Phononic crystal gradient
metamaterial structures (PCGMs) were designed and constructed
using photosensitive resin. In contrast to traditional gradient
metamaterials, PCGMs offer superior acoustic enhancement and
a broader range of response angles, without loss of bandwidth of the
captured acoustic signal per gap. Experimental test results
demonstrate that PCGMs exhibit superior acoustic response
capabilities when detecting harmonic acoustic signals.

TABLE 1 Summary of characteristic parameters.

Parameters

Values (mm) 5 10 10 5 5 3 5 70 410 140
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Simulation results of sound pressure distribution of two structures at different frequencies: (A—D) PGCMs structure; (E-H) GAMs structure.

2 Structural design

The phononic crystal gradient structures (PCGMs) designed
and constructed in this paper are depicted in Figure 1A. Figure 1B
provides an enlarged view of the two gaps with the relevant
parameters labeled. The position of the lower left corner of the
first plate is designated as the coordinate origin. The width of the
first plate is set at e = 5 mm, while the widths of the 2nd to 27th
rectangular plates increase uniformly by t = 5mm. The plate
thickness is ¢ = 5mm, and the gap between the plates is
established at g = 10 mm. The height H of the sample is set to
70 mm. Within the structure’s air gaps, phononic crystal units are
formed by immersing a side b = 3 mm square solid at the center of
the air region with a side a = 5 mm square. Each gap contains two
rows of phononic crystal arrays, with adjacent gaps distinguished by
two phononic crystals. All parameters are summarized and listed in
Table 1.

3 Theoretical and numerical analysis

3.1 Theory

The effective mass density and bulk modulus of PCGMs can be
obtained using the equivalent medium theory, which can be
expressed as [36].

_ Prespeff
¢! _F")pres +F

P 1)

rPesf
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where F, is the filling rate of the parallel plate. The constructed
models of PCGMs are fabricated using photosensitive resins.
The material has a density of p,, = 1130kg/m® and a bulk
modulus of K. =2.65GPa. The air has a density of p,, =
1.2kg/m* and a bulk modulus of K, = 1.42 x 10°Pa. The PC
structure between the two plates provides a larger propagation
path for the sound than uniform air, effectively reducing the
sound propagation velocity [37]. The calculated crystal band
structure is shown in Figure 1D, where the lowest band is located
below the sound cone (gray part). The coefficient of reduction of
the equivalent speed of sound between the two plates c.4 (filling
the PC structure) with respect to ¢ ;. (the speed of sound in air)
can be expressed in terms of the effective refractive index. As
illustrated in Figure 1D, the dispersion in the lowest frequency
band is linear over a wide bandwidth from 0 to 13 kHz (indicated
by the dashed line). The slope k of this linear fit is

kzcu,-,/(27r~nsz) (3)

where Nefr is the effective refractive index of the PC. In addition, the
effective refractive index of the PC medium constructed between the
two plates in this band range is higher than that of uniform air (n.5=
1.17 > 1). This is the key factor that PCGMs can enables PCGM:s to
improve the refractive index of GAMs. The function of PCGMs
width can be expressed as

z(x)=tx/(c+g)+h/3 (4)
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(A) Absolute sound pressure gain between different air gaps of PCGMs structure; (B) Absolute sound pressure gain between different air gaps of
GAMs structure; (C) Polar plot of maximum absolute total sound pressure gain of PCGMs; (D) Polar plot of maximum absolute total sound pressure gain of

GAMs.

The effective refractive index of the metamaterial can be derived

Kefr- 2
Heff +—J;)f. peff(tan[Zﬂf-—Z(zx)- \—p ])
(5)

where Ky represents the equivalent bulk modulus of PC, and p, ¢

as follows:

Npcem (X) f) =

represents the equivalent density of PC. Simultaneously,

Kegrpesy
— ~ (1-F) 6
= ) ©
F, increases linearly with the x-axis direction of PCGMs, which
is consistent with the characteristics of GAMs without the addition
of PC structures. However, \/% = ﬁg ff = Ceff <Cair leads to a
reduction in the magnitude of refractive index variation per gap
for PCGMs compared to GAMs.
As a result, npcgy exhibits a higher and more smoothly

varying refractive index compared to that of conventional
GAMs. The relationship between the
amplitude and the input frequency along
according to the above equation, is:

sound pressure
the x-axis,
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27 Pepf - T = Ppcan
cos[arctan(p “Pof s\ Mhcont )]

Since PCGMs incorporate PC structure in the gap between the

Prcom (%, f) = (7)

two plates compared to conventional GAMs, it results in an increase
of npcgar and the PC equivalent density p,g: Consequently, Ppcga
becomes larger.

The above theoretical examination of equivalent media
demonstrates that PCGMs can effectively amplify acoustic signals.
From a microscopic perspective, the propagation of sound waves
in metamaterial structures is characterized by the presence of PC
structures between the two baffles of gradient configurations.
Simultaneously, different gaps capture acoustic signals with varying
frequencies. The periodic structure of phononic crystals influences
phonon propagation, resulting in the Bragg diffraction effect. This
phenomenon is akin to Bragg diffraction in photonic crystals, which
restricts the propagation of sound waves in specific directions,
consequently increasing the refractive index of the sound waves.
Additionally, when sound waves are reflected and scattered in
phononic crystals, various wave paths generate interference effects.
In certain instances, this interference can enhance the amplitude of
sound waves, thereby increasing their energy density. On one side,
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sound waves reach the central gap of the structure through a
convoluted configuration, forming a resonance with the rigid
boundary at the end of the gap, which further amplifies the
amplitude. Furthermore, the PC structure between each gap

reduces the operating frequency captured by PCGMs compared to
GAMs per gap.

3.2 Numerical analysis

Considering the characteristics of the PCGMs constructed as
described above, we perform numerical simulations to analyze
their performance. In the simulation environment, the structure
can be regarded as a two-dimensional (2D) acoustic system. In
order to consider the viscoelastic and dissipative problems faced by

Frontiers in Physics 05

the acoustic energy transmission in the structure, we added a thermo-
viscous boundary layer impedance in the pressure acoustics module,
set the acoustic energy transmitted in air with a kinetic viscosity of
1.85 x 107 and a body viscosity of 1.11 x 107 and the thermal
conditions were set to be adiabatic, and thus simulated the data to be
as close as possible to the real data. Accordingly, we build a 2D
structure within the acoustic module (pressure acoustics and thermo-
viscous acoustics) of COMSOL Multiphysics v6.0, as illustrated in
Figure 1C, with the point probe positions set at the locations marked
in red (16th, 19th, 22nd, and 25th air gaps). The pressure gain value
(PG) is an important indicator of the acoustic enhancement effect,
defined as PG = PM/PF [28, 38]. PM denotes the sound pressure
amplitude added to the metamaterial structure, while PF indicates the
sound pressure amplitude in the free sound field. To compare the
impact of the PC structure on the acoustic enhancement of the
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gradient structure, the conventional GAMs structure [27] is
constructed by removing the PC structure in the above designed
simulation environment. We perform frequency domain analysis
simulations for both PCGMs and GAMs.

Figures 2A-D show that the center frequencies of the 16th, 19th,
22nd and 25th air gaps of the PCGMs structure are 874 Hz, 737 Hz,
642Hz and 566 Hz,
Figure 2E-H display the sound pressure distribution at the center

respectively. For comparative analysis,
frequency for the GAMs structure at the same gap positions. Figures 3A,
B further calculate the absolute acoustic pressure frequency response
obtained from the simulation of the PCGMs structure and the GAMs
structure without the addition of phononic crystals for different air gaps
(from the 8th air gap to the 21st air gap). The amplified sound pressure
amplitudes of the 16th, 19th, 22nd, and 25th air gaps in the PCGMs
structure were 42.4, 49.3, 56, and 62.7 times, respectively. In the GAMs
structure, the amplified sound pressure amplitudes for the same selected
air gaps were 31.45, 37.2, 42.6, and 48 times, respectively. Compared to
the GAMs structure, the proposed PCGMs structure in this paper
captures a lower frequency, approximately 15.7% lower. In the
traditional sense of gradient materials, capturing a lower frequency
of the acoustic signal typically requires a larger volume for the gradient
structure. The characteristics of the structure can effectively address the
issue of gradient structure to cope with the detection of low-frequency
signals and large volume. This provides an important solution for the
practical application of gradient structures. In addition, it can also be
observed that the average absolute sound pressure amplification gain
increases by 30.3% for the PCGMs structure compared to the GAMs
structure.

The polar normalized plots of the maximum absolute total acoustic
pressure gain of the metamaterial waveguide obtained through finite
element simulations are illustrated in Figures 3C, D. The waveguide of
the PCGMs structure demonstrates significant directionality. Under
ideal conditions, the acoustic source is incident at the top left of the
PCGMs toward the 51.1° position. In this scenario, the acoustic waves
can achieve optimal coupling within the PCGMs waveguide, while the
best coupling angle for the conventional GAMs structure is 39.6°. The
inclusion of the PC structure causes the optimal coupling angle of the
gradient structure to increase. At greater or less than the optimal
coupling angle, both structures exhibit a gradual weakening of the
response with angle change. Figure 3C also distinctly demonstrates
that PCGMs possess a broader angular response range compared to
the GAMs.

4 Experimental verification

To evaluate the perceptual performance of the proposed PCGMs
structure in response to the actual special signals, an experiment is
conducted in this study. The harmonic signals emitted by the
speaker are:

P(t) = cos(2m x fo x t) +cos(2m x fi x t) +cos(2m x f, x t)
+cos(2m x f3 xt) (8)
The target frequencies f0 = 566 Hz, f1 = 642 Hz, {2 = 737 Hz, and
3 = 874 Hz correspond to the operating center frequencies of the

16th, 19th, 22nd, and 25th air gaps, respectively. A test system based
on PCGM:s was constructed, as depicted in Figure 4A. The speaker is
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positioned at a distance of D = 0.7 m from the PCGMs location.
Starting from the vertical speaker position angle of the PCGMs, the
angle 0 is rotated clockwise to observe the voltage signals collected
by the MEMS-MIC at varying angles. The sound measurement
device utilized in this paper is a MEMS-MIC (model: S150T421-
005, sensitivity: —42 dB, amplification gain of 66), which is placed at
the end edge of the gap to detect the sound signal.

The acoustic signal responses for the 16th, 19th, 22nd, and 25th air
gaps are acquired using the MEMS-MIC. The maximum spectral
amplitudes of the target frequencies corresponding to the different
gaps, obtained by varying the angle 6 (0%, 30°, 60°, and 90°) of the sound
source relative to the PCGMs structure, are depicted in Figure 4B-E. It
is evident that each gap displays strong target selectivity, enabling
amplification for the target frequency. However, this amplification
function is not realized for signals in other frequency bands. Moreover,
by comparing the acoustic signal response obtained from the four gaps
at various source angles, we can clearly find that from 6 = 0°, the
acoustic response capability of the four gaps gradually improves as the
angle increases. The optimal amplification effect is achieved when the
sound source is at an angle of 60° from the structure of PCGMs. With
the increase of 0 value, the amplitude of the PCGMSs’ response to the
target frequency signal gradually diminishes. When the source is at 6 =
90° from the PCGMs, the PCGMs still have a certain enhanced
response to the target frequency signal. This observation aligns with
the gain polar curve obtained from the simulation.

5 Conclusion

In this work, we propose a PCGMs structure that leverages the
strong wave compression effect in conjunction with the equivalent
medium mechanism of phononic crystals to boost the amplitude of
weak acoustic signals at the target frequency. The proposed PCGM:s
structure demonstrates superior performance in amplifying acoustic
signal amplitudes compared to gradient models without the
incorporation of PC structures. Furthermore, each slit within the
structure possesses a working bandwidth that is on par with
traditional gradient structures, thereby increasing the structure’s
practicality. Additionally, the PCGMs structure exhibits a broader
angular range of acoustic response capabilities along with
anisotropic features, which contribute to its enhanced efficiency
in weak acoustic signal localization scenarios.

Looking ahead, we anticipate that PCGMs will flourish in
practical engineering applications—particularly in the context of
detecting target signals amidst complex environmental noise—due
to their distinct advantages.
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