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Abstract

:

Acoustic sensing systems play a critical role in identifying and determining weak sound sources in various fields. In many fault warning and environmental monitoring processes, sound-based sensing techniques are highly valued for their information-rich and non-contact advantages. However, noise signals from the environment reduce the signal-to-noise ratio (SNR) of conventional acoustic sensing systems. Therefore, we proposed novel nonlinear gradient-coiling metamaterials (NGCMs) to sense weak effective signals from complex environments using the strong wave compression effect coupled with the equivalent medium mechanism. Theoretical derivations and finite element simulations of NGCMs were executed to verify the properties of the designed metamaterials. Compared with nonlinear gradient acoustic metamaterials (Nonlinear-GAMs) without coiling structures, NGCMs exhibit far superior performance in terms of acoustic enhancement, and the structures capture lower frequencies and possess a wider angle acoustic response. Additionally, experiments were constructed and conducted using set Gaussian pulse and harmonic acoustic signals as emission sources to simulate real application scenarios. It is unanimously shown that NGCMs have unique advantages and broad application prospects in the application of weak acoustic signal sensing, enhancement and localization.
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1. Introduction


Acoustic sensing technology is a highly effective technique in the field of remote sensing, utilizing the physical properties of sound [1,2,3,4,5,6,7,8,9,10,11]. In the last decade, considerable progress has been made in improving the signal-to-noise ratio (SNR) in electroacoustic sensor device applications. Ashiqur Rahaman et al. optimized the sensor structure by fusing aluminum nitride (AlN) and circular interfinger electrode patterns to improve the SNR [12]. Among them, it is essential to utilize intelligent algorithms to improve the signal-to-noise ratio [13,14,15,16]. Most recently, Xiang et al. proposed a robust speech enhancement method based on U-Net and generative adversarial learning to achieve speech enhancement at extremely low SNR conditions using algorithmic post-processing [17]. However, in practical engineering applications, some useful information in acoustic signals is weak, such as harmonic signals caused by structural damage [18,19,20,21]. Conventional cost-effective electrical sensor devices may not be able to sense these weak useful feature signals, and samples doped with strong background noise are difficult to train reliable models using deep learning. Therefore, there is an urgent need to develop a sound transmission system that can effectively perceive weak acoustic signals.



In recent years, acoustic metamaterial have emerged as a new material with the properties of manipulating sound energy, breaking through the acoustic performance limitations of traditional acoustic structures and materials. Due to their wide range of physical properties and extraordinary performance, such as acoustic bandgap [22], acoustic focusing [23,24], acoustic vortex [25], and acoustic rainbow trapping [26,27,28], acoustic metamaterials have become critical in acoustic signal perception. In contrast to periodic metamaterials, metamaterials or media with gradient refractive index characteristics show flexible control of acoustic waves. In 2014, Chen et al. first proposed gradient acoustic metamaterials (GAMs) to achieve selective capture of different frequency band acoustic signals at different position gaps and gain on the captured acoustic signal amplitude. This demonstrated the structure’s ability to modulate the spatial distribution of acoustic energy [29]. In 2019, Huang et al. proposed an improved gradient acoustic metamaterials structure (AMMs) with gradient curves, thickness and gap width, which achieved significant acoustic gain of more than one order of magnitude and was experimentally verified underwater [30,31]. In 2020, an acoustic superlattice structure with flat equifrequency bands and a strongly frequency-dependent refractive index was proposed [32]. In 2023, Wang et al. realized a miniaturized metamaterial device for non-adiabatic fast-wave compression and amplification based on the prototype GAMs [33]. In addition, the size of the metamaterial structures can also be reduced through the use of coiled structures with high refractive index media. In coiled structures, acoustic waves are forced to propagate through the channel system, which significantly lengthens the overall propagation time and results in low sound velocities and high refractive indices [34], as well as exceptionally high effective mass density and bulk modulus. Various acoustic wave modulation devices have been constructed in recent years using different spatial combinations of coiled channels, respectively [35,36,37,38]. In summary, both gradient metamaterials (GAMs) and coiled metamaterials have shown excellent performance in controlling acoustic wave propagation and spatial distribution of acoustic energy.



To realize broadband acoustically enhanced sensing, this article introduces nonlinear gradient-coiling metamaterials (NGCMs). Simulation results show that NGCMs possess higher acoustic enhancement capability, lower operating frequency, and a wider sensing range compared to nonlinear gradient metamaterials (Nonlinear-GAMs) without coiled structures, based on their acoustic rainbow capture capability. Experimental tests also demonstrate that NGCMs have superior acoustic response capability for both Gaussian pulse and harmonic acoustic signal detection.



The structure of this paper is organized as follows. In Section 2, the NGCM structure is designed and the properties of the model are analyzed theoretically. In Section 3, the acoustically enhanced nature of the structure is verified by performing finite element simulation analysis of the model. The operating frequency and multi-angle acoustic response of the NGCM structure are also investigated. In Section 4, experiments are conducted using Gaussian pulse and harmonic acoustic signals as the emission sources. The performance of the NGCM structure is tested in both time and frequency domains. In Section 5, the research results of the entire study are summarized.




2. Materials and Methods


2.1. Structural Design


The gradient structure shape designed in this paper is a nonlinear curved profile [30]. Compared with the linear profile proposed by Chen [29], the nonlinear profile can overcome the wave vector and mode field mismatch between the metamaterial waveguide and the background medium (air). Additionally, it improves the coupling efficiency between air and metamaterial. The structure consists of an array of 24 rectangular plates, as shown in Figure 1a (the top view of the structure). The coordinate origin is set at the center of the first plate. The width of the plate is described by the function. The units of this structure are millimeters (mm) and the coefficients a and b are set to a = 0.0006 and b = 9. The plate thickness is t = 3 mm and the gap between the plates is set to c = 12 mm. The metamaterial sample is fabricated by 3D printing technology using photosensitive resin (bulk modulus 2.65 GPa, density 1130 kg/m3). The height H of the sample is set to 90 mm. In order to increase the minimum threshold of sound pressure perception for this system, a coiled structure is incorporated between the air gap of this structure in this paper. The first rectangular dentate structure is 4.5 mm from the midline, resulting in the construction of a rectangular air cavity with a width of 9 mm and a length of 12 mm. The rectangular denticles vary linearly in steps of =3 mm, with each rectangular denticle having a thickness of h = 3 mm and a transverse length of d = 9 mm. Figure 1b provides a magnified view of the coiled cell. All parameter settings are summarized in Table 1. The parameters selected here are all appropriate values within a certain range to facilitate processing and experimental measurements. It is important to note that the outermost cell layout of the rectangular dentate structure must be smaller than the outermost dimension of the gradient structure to ensure that the acoustic properties of the gradient structure are not destroyed by the coiled structure.




2.2. Theoretical Analysis


Based on the characteristics of the NGCMs constructed above, a numerical model is developed to analyze their performance theoretically. The general homogeneous medium acoustic wave is controlled by its scalar fluctuation equation [39]:


     𝜕 2  P   𝜕  t 2    =  K ρ   ∇ 2  P  



(1)




where  P  is the acoustic pressure. The acoustic velocity is given explicitly by   c =   K / ρ    . Huang et al. [40] used the equivalent medium theory to derive the mechanism of increasing acoustic pressure for nonlinear gradient structures. The effective mass density and bulk modulus can be expressed as


  ρ =    ρ  r e s    ρ  e f f       1 −  F r     ρ  r e s   +  F r   ρ  e f f      



(2)






  K =    K  r e s    K  e f f       1 −  F r     K  r e s   +  F r   K  e f f      



(3)




where    F r    is the filling rate of the parallel plate. In Section 2, the constructed models of NGCMs are fabricated using photosensitive resins. The material has a density of    ρ  r e s   = 1130   kg /  m 3    and a bulk modulus of    K  r e s   = 2.65   GPa  . The air has a density of    ρ  a i r   = 1.2   kg /  m 3    and a bulk modulus of    K  a i r   = 1.42 ×   10  5    Pa  . Based on the transformation acoustics, the coiled structure between the two plates is calculated by the following equation [41]. In the long wavelength region, sound waves propagate below the cutoff frequency. Thus, the sawtooth path between the two plates is roughly equivalent to a long straight path. As shown in Figure 1, based on transform acoustics, the material parameter relationships between the long slot in air (with coordinates    x ′  −  y ′   , length  L , bulk modulus    K  a i r    , and mass density    ρ  a i r    ) and the short slot filled with metamaterials (with coordinates   x − y  , length  l , bulk modulus    K  e f f    , and mass density    ρ  e f f    ) can be written as    ρ  e f f   − 1   = H  ρ  a i r   − 1    H T  / det ( H )   and    K  e f f   = det ( H ) ×  K  a i r    .  H  is the Jacobian matrix defined by   H = d i a g   𝜕  x ′  / 𝜕 x , 𝜕  y ′  / 𝜕 y    . Here, the fold mapping is specified by   y =  y ′  / β   and   x =  x ′   , where   β = L / ( g + h )   is the compression ratio of the coiled structure.


   ρ  e f f   (  x ,  ,  y ,  ) =     β    0      0  1 β       ρ  a i r     x , y    



(4)






   K  e f f   (  x ,  ,  y ,  ) =    K  a i r   ( x , y )  β   



(5)







The computational derivation provides the mass density of    ρ  e f f   = β ⋅  ρ  a i r    , bulk modulus of    K  e f f   =  K  a i r   / β  , and effective refractive index of    n  e f f   = β ⋅  n  a i r     for the coiled structure, The constructed model of NGCMs can be decomposed into an infinite number of approximations of uniform metamaterial cross sections,   y ( x ) = a  x 2  + b   is a function of the width of one side of NGCMs. The effective refractive indices of the metamaterials can be obtained as follows:


   n  N G C M   ( x , f ) =    n  e f f   +    K  e f f   ⋅  ρ  e f f     ρ ⋅ K         tan   2 π f ⋅ y ( x ) ⋅    ρ K         2   



(6)







Here, f is the frequency of the incident acoustic wave and    n  a i r     is the refractive index of the air. The equation shows that    N  N G C M     is a function of frequency and the local width of the metamaterial plate.    n  e f f     is a constant value controlled by the compression ratio of the coiled structure. Assuming that the thickness   y ( x )   of the metamaterial plate is a smooth function along the propagation direction, gradually increasing   y ( x )   can adjust the effective refractive index of the metamaterial system and result in a gradient distribution of the refractive index along the propagation direction.



For the analytical model, we use the Wentzel–Kramer–Brillouin (WKB) approximation to characterize the acoustic wave propagation along the conical metamaterial structure. Based on the solution of the effective refractive index of the above equation, the relationship between the sound pressure along the x-axis and the input frequency can be derived as


   P  N G C M   ( x , f ) =     2 π ⋅  ρ  e f f   f   ⋅   1 −  n  N G L M   − 2    4    cos   arctan   ρ ⋅  ρ  e f f   − 1      n  N G C M  2  − 1          



(7)







In comparison to the Nonlinear-GAM structure, the NGCM structure contains a coiled structure at the gap between the two plates, which increases the equivalent mass density and effective refractive index between the two plates while decreasing the bulk modulus. Substituting into Equations (6) and (7) results in an increase in    n  e f f     and    ρ  e f f    .



The above theory using equivalent media demonstrates that NGCMs can effectively amplify acoustic signals. Incident acoustic waves of different wavelengths are captured and enhanced at different locations [29]. From the microscopic point of view, the subwavelength coiled structure filled between the two partitions of the gradient structure results in various gaps in the capture of acoustic signals with different frequencies. At the same time, as the propagation speed of sound waves in air is uniform, the sound waves will be propagated roughly along the path of Figure 1b (purple). The propagation distance of sound waves in the coiled structure is   2 L = 2     ( g + h )  2  +  c 2     . The coiled structure causes the equivalent sound velocity between the slits to drop in comparison to the direct propagation distance   2 ( g + h )  , resulting in an increase in the structure’s effective refractive index [41]. This increase in effective refractive index leads to an increase in sound wave amplitude. On one side of the sound waves through the coiled structure to the middle part of the structure gap, the amplitude value to further enhance, with the other side of the amplified sound waves to the cavity to form a resonance. Since the effective refractive index in the area of the coiled structure is greater than that of the intermediate cavity section, the sound waves reach the cavity section and encounter two reflectors on either side of the coiled structure. The sound waves resonate between these reflectors, further enhancing the sound signal amplitude, improving frequency selectivity, and causing the sound energy to dissipate slowly in the intermediate cavity. Moreover, the coiled structure between each gap increases the acoustic propagation distance. As a consequence, the operating frequency captured by the gap is reduced.





3. Simulation Analysis


To characterize the acoustic response of the metamaterial, the structure can be considered as a two-dimensional (2D) acoustic system in the simulation. In this paper, the 2D structure is constructed in the pressure acoustics module of Comsol Multiphysics v6.0, as shown in Figure 2. The gray area represents the air medium, and the structure can be considered as a rigid body. The boundary is set to be a hard sound field boundary (RB). A plane wave with an intensity of 1 Pa is used as the incident acoustic wave, which enters from the left side. To construct an ideal plane wave environment, a perfect matching layer (PML) is set on both sides and opposite sides of the incident plane wave port to absorb the reflected acoustic wave. To reduce the influence on the model sound field during the experiment, we place a Micro Electro Mechanical Systems Microphones (MEMS-MIC) at the central cavity edge position to detect the acoustic signal. Similarly, in the simulated environment, the probe point position is also set at the central cavity edge to observe the acoustic enhancement phenomenon between the air gaps, as shown in the orange point position in Figure 2. Here, the sound pressure gain value (PG) is used as an effective measure of the acoustic enhancement effect. It is defined as PG = PM/PF [36,42,43], where PM denotes the sound pressure amplitude in NGCMs and PF denotes the sound pressure amplitude in the free space. The sound field transmission is then simulated to obtain the sound pressure gain value. Furthermore, this paper does not discuss the first six air gaps of the gradient structure due to the mismatch between the acoustic vector and the mode field [44]. In order to characterize the performance of NGCMs relative to Nonlinear-GAMs without added coiled structure, Nonlinear-GAM models are simultaneously constructed in this paper. After removing the coiled structure between the slits, the model parameters are consistent with those of the NGCMs (c = 12 mm, t = 3 mm, H = 90 mm). The center frequencies of each air gap (from the 7th to the last air gap) of the NGCM structure (fNGCM in Hz) and Nonlinear-GAM structure (fGAM in Hz) obtained from the simulation are listed in Table 2 and Table 3.



The results in Table 2 show that, for the NGCM structure, the center frequencies of the 14th, 18th, 20th, and 22nd air gaps are 910 Hz, 650 Hz, 530 Hz, and 458 Hz, respectively. Figure 3a–d display the corresponding sound pressure distribution at these frequencies. For comparative analysis, Figure 3e–h show the sound pressure distribution at the center frequencies for the metamaterials with Nonlinear-GAM structure at the same gap positions. It can be observed that these frequencies are captured and enhanced at the 14th, 18th, 20th, and 22nd gap positions. The absolute sound pressure gain between different air gaps is obtained through simulation. Figure 4a,b display the absolute sound pressure gain curves for the NGCM structure and Nonlinear-GAM structure, respectively. For the 14th, 18th, 20th, and 22nd air gaps, the amplified sound pressure amplitudes are 54.2 times, 75.6 times, 103.4 times, and 57.6 times, respectively. Additionally, Figure 4a shows that the structure exhibits enhanced performance in a wider band range from 416 Hz to 944 Hz.



Based on the simulation analysis of the two structures with and without the coiled structure, the curves obtained at the same position of the gap frequency indicate that the average pressure amplitude can be amplified approximately 84.7 times in the NGCM structure, while the average pressure amplitude is amplified approximately 25 times in the Nonlinear-GAM structure. This phenomenon verifies the theoretical analysis presented in Section 2. Compared to the Nonlinear-GAM structure, the NGCM structure captures a lower frequency, which is approximately 43.2% lower. As mentioned, conventional gradient materials require larger volume structures to capture lower frequency acoustic signals. The unique subwavelength coiled structure of the NGCM structure effectively solves this problem and provides a solution for the practical application of gradient structures. Additionally, the frequency domain profile of each slit in the NGCM structure is further enhanced compared to that of the Nonlinear-GAM structure, resulting in a narrower bandwidth of captured frequency domain between each slit.



In addition, the acoustic responses of the gaps at different locations in the NGCMs and Nonlinear-GAMs are obtained using simulation calculations to show significant directionality. As shown in Figure 5, when the acoustic source is directly incident to the left side ( π ) of the NGCMs or Nonlinear-GAMs, the acoustic wave can be well coupled into the waveguide, which results in the highest acoustic pressure gain. With angular offset, the pressure gain of both structures gradually decreases. When the acoustic source is at an angle of 0.25 π  from the front of the metamaterial structure, the Nonlinear-GAMs no longer possess significant acoustic pressure gain, and the NGCMs still have gain response. At the angular positions ranging from 1.5 π  to 0.5 π , the pressure gain is minimized due to the severe wave impedance mismatch at the interface between the NGCMs and the air. Therefore, this angular range is not used for research applications. Moreover, we construct practical experiments to validate the fitting of the above NGCM anisotropy. The experimental results show that the NGCMs has a wide sensing range of more than 180° compared to nonlinear-GAMs. The structure can be applied to more sound source localization scenarios by taking advantage of the structure’s different response gain at different angles.



In addition, it was observed that the acoustic response of the gaps at different locations in the NGCM structure exhibited significant directionality. The polar plot of the maximum absolute total acoustic pressure gain of the metamaterial waveguide was obtained by finite element simulation and experimental correspondence, as shown in Figure 5. When the acoustic source is incident directly to the left (180°) of the NGCMs, the acoustic waves can be well coupled into the waveguide, resulting in the highest acoustic pressure gain. With the angular offset, the pressure gain gradually decreases. Nevertheless, the structure still has a gain response when the angle between the source and the NGCMs is 90°. At angular positions ranging from 105° to 255°, the pressure gain is minimized due to the severe wave impedance mismatch at the interface between the NGCMs and the air. Therefore, this angular range is not used in research applications. The structure can be applied to more sound source localization scenarios by taking advantage of the structure’s different response gain at different angles. Moreover, the structure has a wide sensing range of more than 180°, which can help the sound source localization technology to obtain great progress.




4. Experimental Validations


To evaluate the perceptual performance of the proposed NGCM structure in response to various specific signals, a test was carried out in this study. A host computer was applied to remotely control the audio signal output from the loudspeaker (width 100 mm, height 85 mm) via wireless transmission. Since the loudspeaker has a considerable size relative to metamaterial, we regard the sound wave emitted by the structure as an ideal plane wave. The acoustic device used is a MEMS-MIC (model: S15OT421-005) with a sensitivity of −42 dB and an amplification gain of 66. The bandwidth is from 100 Hz to 8 KHz and the signal-to-noise ratio is 59 dBA. The MEMS-MIC was positioned at the edge of the central cavity to capture the acoustic signal. In the absence of any acoustic signal, the output voltage of the MEMS-MIC remains floating at 1.5 V. The cross-sectional area of the MEMS-MIC probe used in the experiment is much smaller (3.06 mm2) than the cross-sectional area of the interstitial cavity (108 mm2). This enables the probe to be added to the test environment without significantly affecting the acoustic pressure distribution inside the metamaterial. The distance D between the speaker and the measurement position point is 0.45 m. Using the test gap as the reference point, the test environment (Figure 6) was built with the NGCM structure facing the speaker position at an angle of 0°.



4.1. Pulse Signal Detection Based on NGCMs


Based on the characteristics of the impulse signal, the field of sound source localization techniques is mainly calculated by analyzing the received time domain acoustic signal [11,45,46]. Therefore, in this paper, the analysis of the impulse signal focuses on the time domain acoustic signal. The loudspeaker outputs a Gaussian pulse signal with a center frequency of 710 Hz. Figure 7a depicts the source of the pulse signal output from the loudspeaker, while Figure 7b shows the spectrum of the output signal. To facilitate comparative studies, the DC component of the voltage signal acquired by the MEMS-MIC is eliminated in this paper and only the AC component is preserved for analysis. This paper first compares the acoustic signals obtained from the 17th gaps and two adjacent gaps (Gap 16, Gap 18) for both the structure incorporating NGCMs and the structure without NGCMs, with the free sound field positions. Figure 7c shows the effective amplitude of the voltage signal from the MEMS-MIC output in a free sound field of 0.12 V. It can be seen that the Gaussian pulse signal is almost drowned out by the ambient noise after the target acoustic signal has been transmitted for some distance. The acquired signal-to-noise ratio is 3.1 dB. Figure 7d–f depict the acoustic signals received at gaps 16, 17, and 18, respectively, with effective voltage amplitudes of 0.36 V, 0.98 V, and 0.96 V. The obtained signal-to-noise ratios were 3.8 dB, 8.15 dB and 8.06 dB, respectively. It is evident that the sound pressure amplitude at gap 17 is considerably higher than that obtained at gap 16. Compared to the signal-to-noise ratio obtained without the addition of the metamaterial structure, the signal-to-noise ratio is significantly improved by approximately 5 dB. However, the sound pressure amplitude obtained at gap 18 is more comparable to that obtained at gap 17. We further measured the acoustic signals at the 19th and 20th gap positions. Figure 7g,h illustrate that the effective amplitudes obtained by the NGCMs at the 19th and 20th gaps are 0.37 V and 0.29 V, respectively. The corresponding signal-to-noise ratios are 3.92 dB and 2.86 dB, respectively. This study compared the effective amplitude of the sound pressure at the 17th gap position with and without the NGCM structure. It was discovered that the effective amplitude was amplified by a factor of 8.17, indicating the effectiveness of the NGCM structure in enhancing sound signals. Moreover, the moment of peak sound pressure with the NGCM structure was found to be delayed by 4 ms when compared to the moment of peak sound pressure in the free sound field, which was used as a reference. This is mainly due to the increased distance of the acoustic signal to the 17th gap measurement position, resulting from the coiled structure in the NGCMs, which exhibits a delayed effect of the peak acoustic signal at the measurement position. In future practical engineering applications, the propagation time of the acoustic signal through the coiled structure of the measured position gap can be calculated to compensate for the time delay observed in the tested acoustic signals. This compensation can reduce the momentary error of the NGCM structure in perceiving impulse signals, thereby enhancing the accuracy of sound source localization. Furthermore, the experimental findings indicate that in practical applications, the center frequency of each gap may be slightly shifted due to sample processing errors, resulting in the center frequency of the target acoustic signal being between the center frequencies of gaps 17 and 18 of the NGCM structure. As a result, the effective amplitudes obtained at gaps 17 and 18 are relatively similar. By comparing the effective voltage amplitudes obtained at gaps 16, 19 and 20 with the target gap 17, it is evident that the signal amplitude at gap 17 is much greater than that obtained at gaps 16, 19 and 20. This suggests that the NGCMs exhibit distinct frequency selectivity for each gap when amplifying the acoustic signal.




4.2. Directional Acoustic Sensing of Harmonic Signals Based on NGCMs


In the context of environmental monitoring in specific regions, accurate extraction of feature signals is particularly important for exploration safety and feature classification [11,47,48,49]. For feature signal extraction, it is crucial to improve the signal-to-noise ratio of hidden feature signals in noisy environments by filtering out noise or enhancing the target signal. This article uses harmonic signals emitted by speakers to simulate characteristic signals in special environments. The harmonic signal is


  P ( t ) = 15 × cos ( 2 π ×  f 1  × t ) + cos ( 2 π ×  f 0  × t )  



(8)




where the target frequency f0 = 580 Hz and the disturbance frequency f1 = 1080 Hz. The frequency domain analysis of the original harmonic signal is illustrated in Figure 8a. The NGCM structure is positioned in the direction of the sound source based on the persistent harmonic signal by taking the 19th gap as the reference point and varying the theta angle. Starting from the vertical speaker position angle, the NGCMs are rotated clockwise and the sound pressure signal at gap 19 is captured using the MEMS-MIC. The main focus of this paper is on the study of the different angular amplitudes of the received acoustic signals. Therefore, the acquired acoustic signal is analyzed in the frequency domain and the spectrum obtained from the calculation is processed by normalization. The spectra of the harmonic signals at positions 75°, 45°, 15° and 0° were obtained (Figure 8(c1–c4)). Upon comparing the spectra of the acoustic signals obtained at various angles, it is observed that the NGCMs exhibit a significant gain in the signal amplitude of the target frequency component when the angle between the source position and the tip position of the NGCMs is 75°. In addition, the NGCMs demonstrate the capability to amplify the scrambled frequency component signal, with a maximum amplification effect of approximately 1.38 times that of the original scrambled frequency component. This phenomenon can be attributed to the incident acoustic waves encountering the coiled structures present on either side of the NGCMs. These structures localize the incident acoustic waves in the cavity at a wider operating frequency range, thereby allowing the same amplification effect to be achieved for the perturbed frequency components. Nonetheless, as the tip position of the NGCMs gradually approaches the source direction, the amplitude of the target frequency component (f0) progressively increases. Eventually, it becomes 1.8 times the amplitude of the disturbance frequency component (f1) and 26.7 times the amplitude of the original f0 frequency component. In practical scenarios, the target frequency may be present as an ambiguous and unknown frequency component. The change in acoustic energy enhancement can be detected for each gap by turning the NGCMs at different angles. Figure 8(d1–d3,e1–e3) illustrates the spectra obtained at various angles for the 19th gap and its adjacent gaps (18th and 20th gaps). The characteristic signal frequency f0 can be estimated by comparing the variations in the frequency components of gap 19 and its neighboring gaps at different angles. This approach leverages the frequency-selective enhancement feature of NGCMs, facilitating the identification of unknown target signals.





5. Conclusions


Traditional microphones have the limitations of difficult perception of weak acoustic signals and low SNR. To overcome this problem, we proposed a structure of NGCMs to achieve the effect of amplifying large values of weak acoustic signals at target frequencies, based on the strong wave compression effect coupled with the equivalent medium mechanism. It was also evaluated and verified through practical experiments for Gaussian acoustic signal time domain analysis and harmonic signal frequency domain analysis from different angles, respectively. The conclusions are summarized as follows:




	(1)

	
The proposed NGCM structure can amplify the average pressure amplitude of the acoustic signal by a factor of approximately 84.7, which is superior to the Nonlinear-GAM model without the inclusion of the coiled structure.




	(2)

	
Compared to conventional gradient models, NGCMs can operate at a reduced frequency without any change in volume.




	(3)

	
The NGCM structure has a narrower bandwidth per slit, making the structure more frequency selective.




	(4)

	
The structure has a wider angular range of acoustic response and is anisotropic, which helps NGCMs to work more efficiently in the context of localization of weak acoustic signals.




	(5)

	
During the actual experimental measurements, it was found that the presence of the coiled structure in the structure delayed the arrival time at the measurement point. This paper proposes that the measurement time in the center of the gap of the NGCMs can be compensated by calculating the sound propagation time of the unilateral coiled structure with different gaps, thus reducing the error in the localization of the sound source.









It is foreseeable that, in the future, NGCMs will be used in practical engineering applications due to their unique advantages in the context of sensing target signals in the face of complex environmental noise.
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Figure 1. (a) Three-dimensional view of the structure of NGCMs; (b) enlarged two-dimensional view of the curled cells. (c) Schematic of the folded mapping in transformation acoustics. 
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Figure 2. Two-dimensional structure of NGCMs and simulation boundary conditions. 
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Figure 3. Simulation results of sound pressure distribution of two structures at different frequencies (a) NGCM structure f = 910 Hz; (b) NGCM structure f = 650 Hz; (c) NGCM structure f = 530 Hz; (d) NGCM structure f = 459 Hz; (e) Nonlinear-GAM structure f = 1781 Hz; (f) Nonlinear-GAM structure f = 1162 Hz; (g) Nonlinear-GAM structure f = 1090 Hz; (h) Nonlinear-GAM structure f = 940 Hz. 
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Figure 4. Absolute acoustic pressure gain between different air gaps (a) NGCM structure; (b) Nonlinear-GAM structure. 
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Figure 5. Schematic diagram of the directional response test: using Nonlinear-GAMs and NGCMs at a fixed position as a reference, simulations are used to obtain the normalized response of an ideal plane wave incident at different angles and the directional response of the NGCM structure for the actual experiment. 
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Figure 6. Signal detection test environment and experimental setup. 
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Figure 7. (a) Emitted pulse signal; (b) spectrogram of the emitted pulse signal; (c–h) voltage signal amplitude output from the MEMS-MIC at the tart gap position in the free acoustic field without the NGCM structure and at different positions of the gap with the NGCM structure. 
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Figure 8. (a) Spectrum of the original harmonic signal; (b) spectrum of free space; (c1–c4) spectrum of the 19-gap harmonic signal at 0°, 15°, 45°, and 75°; (d1–d3) spectrum of 18-gap harmonic signal at 0°, 45°, and 75°; (e1–e3) spectrum of 20-gap harmonic signal at 0°, 45°, and 75°. 
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Table 1. Values of characteristic parameters of NGCM structure.
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	Parameters
	h
	d
	G
	g
	c
	t
	H





	Values(mm)
	3
	9
	9
	3
	12
	3
	90










 





Table 2. Center frequencies obtained for each air gap simulation for NGCM structure fNGCM (Hz) and Nonlinear-GAM structure fGAM (Hz).
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	Air Gaps
	fNGCM (Hz)
	fGAM (Hz)
	Air Gaps
	fNGCM (Hz)
	fGAM (Hz)





	7th
	2292
	3104
	16th
	810
	1494



	8th
	1711
	2774
	17th
	710
	1365



	9th
	1702
	2544
	18th
	650
	1162



	10th
	1342
	2411
	19th
	580
	1168



	11th
	1340
	2403
	20th
	530
	1090



	12th
	1102
	2196
	21st
	490
	1010



	13th
	1100
	1963
	22nd
	458
	940



	14th
	910
	1781
	23rd
	429
	885



	15th
	821
	1616
	
	
	










 





Table 3. The center frequency calculated for each air gap va