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Abstract: In the field of industrial structure detection, acoustic signals have been pivotal. A cost-
effective and highly sensitive acoustic monitoring system that can enhance weak acoustic signals
has always been an interesting topic in many research fields. However, environmental noise signals
have consistently hindered the improvement of the signal-to-noise ratio (SNR) of traditional acoustic
systems. In this work, we propose a structure (PC-Mie) that couples phononic crystal (PC) point
defects and Mie resonance structures (Mies) to enhance weak effective signals from complex envi-
ronments. Numerical simulations have confirmed that the PC-Mie exhibits superior sound pressure
enhancement performance compared to each individual PC point defect and Mies. Moreover, the
capability to amplify the sound pressure amplitude is related to the angle and position of the Mies
at the center position. Simultaneously, the PC-Mie has a narrower bandwidth, giving the structure
stronger frequency selectivity. Finally, the experiment proves that PC-Mie can function as an en-
hanced acoustic device or sensor to detect harmonic signals, verifying the validity of the PC-Mie
structure for acoustically enhanced perception. Both numerical and experimental studies demon-
strate that the PC-Mie can effectively enhance the energy of specific sound frequencies in complex air
environments, making it suitable for collecting high-sensitivity acoustic signals. This research has
significant implications for the development of weak acoustic signal detection technology and the
application of self-powered sensors.

Keywords: phononic crystals; Mie resonance structure; acoustic metamaterials; acoustic enhancement

1. Introduction

Acoustic sensing-based monitoring systems are crucial in various applications, includ-
ing structural health monitoring [1,2]. Acoustic sensor devices with high signal-to-noise
ratio (SNR) are the key to acoustic monitoring systems [3,4]. Typically, traditional acoustic
sensing methods rely on conventional electroacoustic sensor compositions [5–7]. In recent
years, there has been some progress in breaking through the signal-to-noise ratio (SNR)
of electro-acoustic sensors. However, due to the sensing threshold of these sensors, many
acoustic signals may be lost when converting limited sound energy into electrical energy.
Therefore, new sensing modalities need to be developed to break through the limitations of
detection and collection of weak acoustic signals.

Over the past two decades, researchers have shown considerable interest in the use
of acoustically artificial structures to achieve anomalous acoustic properties not found in
conventional acoustic materials [8–15]. A phononic crystal (PC) [16–20] is an acoustic meta-
material comprised of periodically repeating unit cells with a lattice constant comparable
to the wavelength range [21]. The band gap and the refractive index [22] exhibited by
the equivalent medium are the main properties of PC. A band gap is a certain frequency
range in which waves are prohibited from propagating through a PC [23]. Band gaps
are part of the category of evanescent waves. Within the band gap, the PC experiences a
evanescent wave, with its amplitude exponentially decaying in the direction of the incident
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wave. Numerous studies have focused on enhancing the localization of acoustic energy
through defects in PCs [24–27]. Refs. [28,29] investigated the localization of acoustic energy
in one-dimensional and two-dimensional band-defect PCs. To investigate the effect of
defect configuration, Refs. [30,31] gave numerical methods to examine the variation of
defect band and energy localization properties with filling fraction and relative position
of circular inclusions within the defect, respectively. Qi et al. [32] developed an acoustic
energy acquisition system based on single-defect planar PnC. To reduce the defect band
frequencies, Oudich et al. [33] proposed a subwavelength metamaterial for tunable and effi-
cient subwavelength acoustic energy harvesting through an array of mass-spring resonators
with square surfaces composed of aluminum plates.

In addition, metamaterials with high refractive index media can be used to fabricate
coil structures, which helps to reduce the size of the metamaterial structure. In coiled-coil
structures, known as locally resonant acoustic metamaterials (LAMMs), acoustic waves are
forced to propagate through the channel system, significantly increasing the total propa-
gation time and therefore leading to low sound velocities and high refractive indices [34],
while having high effective mass densities and bulk moduli. Recently, Mie resonance struc-
tures [35–38] have been constructed using combined coiled structures to achieve acoustic
signal direction sensing and acoustically omnidirectional antennas [37]. In conclusion, both
PC defect state structure and Mie resonant structured metamaterials have demonstrated
excellent performance in controlling acoustic wave propagation and spatial distribution
of acoustic energy. In the field of weak acoustic signal perception, the combination of PC
point defects and Mies may enhance acoustic energy enhancement. However, there has
been little research on coupled structures for acoustic enhancement sensing thus far.

To realize broadband acoustically enhanced sensing, a coupling model (PC-Mie) be-
tween a phonon crystal (PC) point defects and a Mie resonant structure (Mies) is designed
in this study. Compared to conventional PC or Mies, this model provides greater ampli-
fication of acoustic energy amplitude for specific frequencies. Furthermore, the multiple
structural features of the PC-Mie model enable it to be reasonably tuned for weak acoustic
perception scenarios at different frequencies.

The paper is organized as follows. Following the introduction, Section 2 derives the
structural design of the proposed metamaterial model through numerical calculations.
Section 3 presents the mechanistic analysis of the PC band properties and the Mies. In
Section 4, finite element simulations of the model are performed to verify the properties of
the designed metamaterial by comparing the acoustic energy harvesting performance of
the PC point defects, the Mies, and the PC-Mie. Additionally, the section investigates the
effects of angular and positional offsets of the Mies on the acoustic field gain. In Section 5,
an experimental study is conducted to investigate the acoustic enhancement properties of
the PC-Mie based detection method for harmonic signals. Finally, Section 6 presents the
conclusions of the study.

2. Model Structural Design

The overall structure of the designed PC-Mie is shown in Figure 1a, which consists of
a square lattice array of 5 × 5 cylindrical columns and the center removed to accommodate
a cylindrical, coupled Mies. The phononic crystal is constructed using acrylic materials and
has a height of 90 mm. Figure 1b provides a top view of the PC-Mie, while Figure 1c offers
an enlarged view of the Mies within the PC-Mie metamaterial, with relevant dimensional
parameters marked. The structure consists of four coiled structures fan-wrapped around
a circular hard core. The Mies slit spacing is a, the grid width is t, the inner core radius
is R1, the outermost radius is R2, and the opening and backbone angles are set to θ1
and θ2, respectively. To increase the minimum threshold for sound pressure perception
in the PC-Mie system, phononic crystals are arranged around the Mies such that they
can concentrate the acoustic energy locally around the Mies at its resonant frequency.
The designed phononic crystal consists of a cylindrical rigid structure with a radius of
e, embedded within an air lattice with an edge length of c, as shown in Figure 1d. The
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parameters selected here are all suitable values within a certain range to facilitate processing
and experimental measurements. All parameters are summarized and listed in Table 1.
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PCs unit.

Table 1. Summary of geometric characteristic parameters for PC-Mies.

Parameters a t H θ1 θ2 R1 R2 c e

Values (mm/deg) 2.45 1 90 8.6 26 2.1 16.1 100 40

3. Theoretical Analysis
3.1. Phononic Crystal Frequency Band Characterization

The PC array structure consists of a square lattice array with cylindrical columns inside.
At this time, the cylinders are periodically deposited in the air as rigid body boundaries. Its
acoustic properties are theoretically investigated using the Bloch–Floquet theorem. The
acoustic initial equation can be written as

∇ ·
(

1
ρ(r)
∇p(r)

)
+

ω2

ρ(r)c2(r)
= 0 (1)

where r is the position vector, ρ(r) is the mass density, p(r) is the sound pressure field, c(r)
is the speed of sound in air, and ω is the angular frequency. p(r) can be expanded into
Fourier exponential form

p(r) = eik·r−ωt∑
Gn

Φk(Gn) · eiGn ·r (2)
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where k is a Bloch wave vector in the first integrable Brillouin zone (BZ), and Gn is a
reciprocal inverse lattice vector. The band structure can be built by solving Equation (1) for
ω, which is a function of the wave vector k

∇ ·
(
−1

ρ
∇p0

)
− ω2 p0

ρ(r)c2(r)
= 0 (3)

The pressure field distribution can be obtained by solving Equation (3). When a unit
cell is removed from a perfect PC, a PC point defect is created, which acts as a resonant
cavity. Acoustic waves that propagate at the resonant frequency can be confined within the
defect region, subsequently leading to a marked increase in energy density.

3.2. Mechanism of the Mies

The sound waves are forced to propagate along a distinctive “Z” shaped path in a
sector of the Mies coiled around the structure. This specialized propagation route induces
an increase in the relative refractive index of the sector. As a result, this facilitates a
significant amplification of sound energy. The acoustic energy is reflected several times
in the fan-shaped coiled structure, focusing the incident acoustic waves near the intrinsic
frequency inside the coiled structure, where the energy localization is improved [22]. To
make the Mies match the defective state PCs, after determining the structural radius of a
suitable Mies, the resonant frequency of the structure is modified by changing the sector
angle θ2 of the main stem of the Mies. In general, the incident signal resonant frequency of
the Mies is

ωn = (2n + 1)ω0 (4)

where
ω0 = co · π/(2L) (5)

c0 represents the speed of sound in air, n is the order of the overtone, and L denotes the
total distance traversed by the sound within the coiled structure. The larger the sector angle
θ2 is, the shorter the total sound propagation distance L in the coiled structure and the higher
the resonant frequency chosen for that structure are. Conversely, a smaller sector angle θ2
leads to a longer sound propagation distance L within the structure, and consequently, a
lower resonant frequency is selected for such a structure [38]. In this study, the resonant
frequency of Mie is controlled by modulating the geometrical parameters to match the
resonant frequency of the PC point defect, thus achieving acoustic energy enhancement.

The resonant coupling between the PC point defect and the Mies reaches its peak
strength when the resonant frequencies of both structures align perfectly. Firstly, the
acoustic energy is concentrated in the defect region through the PC, increasing the density
of acoustic energy where the Mies is located. Secondly, the Mies can further amplify the
sound pressure at the defect by interacting with the waves within the defective structure at
the PC point through the superposition of the acoustic pressure on all four sides. Hence,
the PC-Mie exhibits superior acoustic enhancement compared to either PC or Mies. In
addition, the strongest resonant coupling effect results in a narrower resonance bandwidth,
giving the structure exceptional frequency selectivity.

4. Simulation Analysis of Models
4.1. Analysis of the Acoustic Energy Harvesting Performance of PC Point Defect, Mies, and
PC-Mies

To accurately characterize the acoustic response of the metamaterial, a two-dimensional
structure is constructed in the acoustics module (pressure acoustics) of COMSOL Multi-
physics v6.0, for which numerical calculations are performed. As the structure is in an
air environment and can be considered as a rigid body, the boundary of the structure is
set as a hard acoustic field boundary. The incident acoustic wave is incident from the left
side using a plane wave with an amplitude of 1 Pa. A perfectly matched layer (PML) is
added around the area to absorb the reflected acoustic waves. To observe the acoustic
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enhancement effect of the constructed acoustic metamaterial, the measured location points
are chosen as probe locations for acquiring pressure data. The positions of these four probe
points are indicated by the red markers in Figure 1c. The pressure gain value serves as
a crucial metric for evaluating the acoustic enhancement effect. The pressure gain PG is
defined by the equation PG = PM/PF [39]. PM represents the sound pressure amplitude
within the PC, while PF denotes the sound pressure amplitude in free space without the PC.

At first, the PC defect state and Mies are analyzed separately. Figure 2a illustrates
the energy band gap diagram of the PC defect state. It distinctly exhibits a forbidden
band spanning from 1792 Hz to 2212 Hz. Within this frequency range, it is reasonable to
assume that the acoustic energy is localized at the PC defect location, giving rise to various
resonance phenomena. Therefore, the probe is placed at the central location of the PC
defect. The absolute acoustic pressure frequency response of the structure at the defect
point location is plotted (as shown in Figure 2b). The maximum pressure gain value, located
at the resonance frequency of 1982 Hz, is found to be 4.6. Figure 2c depicts the distribution
of resonant frequency sound pressure generated by the PC at the defect location, further
indicating that the acoustic energy can be confined to the PC point defect region. This
phenomenon can be attributed to the influence of the defect structure on the band gap
of the original phononic crystal, which alters the periodicity of the local structure of the
phononic crystal. Acoustic waves experience multiple reflections and localized resonance
at point defects, leading to resonance peaks in the transmission characteristic curve in
the bandgap frequency range [40]. Therefore, the presence of PC defective state structure
exhibits excellent transmission properties for acoustic waves, alongside notable acoustic
energy aggregation enhancement characteristics.
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Figure 2. (a) Energy band diagram of PCs; (b) absolute sound pressure frequency response at the
central position of PCs; (c) distribution of resonance frequency sound pressure generated by the PCs
at the defect position.

The resonant frequency of the Mies is matched with the resonant frequency of the
PCs described above by changing the characteristics of the structure. The energy bandgap
diagram of the Mies is obtained after numerical calculations, as shown in Figure 3a. The
diagram reveals that the structure possesses the property of localizing the acoustic en-
ergy within itself in the frequency range of 1950 Hz to 2062 Hz. Figure 3b provides a
partially localized enlarged view of the bandgap map, revealing that the structure has
two eigenfrequencies in this range near 1982 Hz and 1987 Hz, respectively. Therefore, the
resonance frequency of the Mies exists in this frequency range. The absolute acoustic pres-
sure frequency response of the structure at the four probe positions is plotted in Figure 3c.
Figure 3d demonstrates that the value of the maximum pressure gain at the resonance
frequency of 1982 Hz is 179.2. Apparently, the acoustic energy is confined within the cavity
of the Mies.
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The Mies is placed in the center of the defect position of the PC. The energy bandgap
diagram, resulting from the addition of the Mies to the defect state PC, is illustrated in
Figure 4a. It is evident that a clear defect band gap exists at the frequency position near
1982 Hz. By positioning the probes at the center of the Mies, the frequency response
diagrams of the PC-Mies at four probe positions are obtained and depicted in Figure 4b.
The structure achieves resonance pressure gains of 703, 700, 698, and 689 at the frequency
of 1980.4 Hz, respectively, when an incident acoustic wave is introduced from the left
side. The pressure acoustic field distributions of the PC-Mies, at the time when the probe
possesses the strongest pressure, are further illustrated in Figure 4c,d. The pressure gain
experiences further amplification, a phenomenon that can be explained by observing the
energy bandgap diagram. Given that the defect bandgap displays a minor variation in the
operating frequency in different acoustic wave incidence directions, the Mies operate at
1976 Hz when the incident acoustic wave is introduced from the left side, while the PC
defect state operates at 1982 Hz. When two structures operate at similar frequencies, the
bandwidths intersect, and the sound field gains greater gain capability in the intersecting
frequency range, resulting in the strongest acoustic resonance coupling occurs between
them. Thus, the coupled resonant structure has greater acoustic pressure amplification
performance than each individual structure.

Additionally, the external field of the structure is analyzed by placing the probe at
the left incident acoustic wave port. It is positioned 400 mm away from the center of the
PC-Mie structure and passes through the structure. The acoustic pressure gains detected by
the probe, with and without the adding the Mies, are found to be 0.36 and 0.78, respectively.
By comparison, the PC-Mies is found to have a lower acoustic transmittance than the
defect state PCs. This observation indicates that the PC-Mies also exhibits outstanding
performance in the application of frequency-specific acoustic isolation.
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4.2. Analysis of the Effect of the Angle of the Mies in the PC Point Defects on the Sound Field Gain

To verify the directionality of the PC-Mies in acoustic enhancement performance,
the orientation of the Mies is rotated while keeping the PC defect state orientation fixed,
as depicted in Figure 5a. When the incidence angle β of the plane wave holds constant,
the directional angle θm is altered by rotating the Mies. Using the Mies circular position
gap edge position as the probe point, the Mies is rotated in steps of 15 deg to obtain the
frequency response maps of the Mies at various angles. Under the assumption of ignoring
the metamaterial boundary impedance and considering adiabatic conditions, as shown
in Figure 5b–f, the maximum sound pressure gain is 97 times at the initial position with
a 15-degree angular offset of the Mies. At an angular offset of 30 degrees from the initial
position of Mies, the maximum sound pressure gain is found to be 27 times. When the
angular offset is increased to 45 degrees, the maximum sound pressure gain exhibits a
gain of 18 times. Interestingly, beyond a 45-degree angle, the gain trend begins to rise
again. At an offset of 60 degrees, the gain capacity reaches 55.7 times, and at 75 degrees,
it achieves a gain capacity of 96.8 times. The results demonstrate that, in addition to the
acoustic enhancement of the PC-Mies, there is a significant directional response of the
angle of the internal Mies, due to the sensitivity of the Mies to the angle of incidence
of the acoustic wave. Theoretically, the PC point defect is insensitive to the directional
response. By placing the Mies at the cavity center of the PC point defect, a potent acoustic
resonance mode is created within the resulting PC-Mie structure. This phenomenon can
be attributed to the powerful acoustic coupling between the resonance mode of the Mies
and the defect resonance mode of the PC point defect. Therefore, this arrangement can
significantly enhance the wave directivity.
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4.3. Analysis of the Effect of the Location of the Mies in the PC Point Defects on the Sound
Field Gain

To verify the effect of Mies location on the robustness of PC-Mie acoustic energy
enhancement, the position of the Mies is varied by keeping the defect state orientation
constant. By using the edge of the circular position gap of the Mie resonant structure as
the probe point, and keeping the incident acoustic wave fixed to occur from the left side
of the PC-Mie structure, the frequency response map of the PC-Mie structure is observed.
Figure 6a presents a schematic of the offset position of the Mies. Taking the center of the Mie
structure as the initial position, the new position is acquired in the frequency domain by
sequentially translating to the left in steps of d = 2 mm. Figure 6b–f illustrate the frequency
response of the PC-Mies structure corresponding to each translation distance of the Mies.

Under the assumptions of ignoring boundary impedance and adiabatic conditions, the
PC-Mie structure has a maximum sound pressure gain of 652 times at 2 mm translation of
the Mies. When the shift is increased to 4 mm, the gain decreases to 376.7 times. With a shift
of 6 mm, the gain falls further to 326.5 times. A shift of 8 mm results in a gain of 264.4 times.
Lastly, when the Mies is displaced by 10 mm, the gain stands at 243.8 times. It can be found
that the closer the Mies is to the center of the PC defect state, the higher the sound pressure
gain capacity. Conversely, as the Mie structure is displaced further from the center of the
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PC defect state, the gain capacity decreases. Furthermore, as the distance increases, the rate
of change in the gain capacity also decreases. In conclusion, the inclusion of the equivalent
medium Mies significantly amplifies the sound pressure of the localized environment. The
gain multiplier of the total sound field is the gain multiplication of the Mie structure at
that frequency by the gain multiplier of the constructed localized sound field environment
compared to the free field. The performance of the Mies in terms of sound pressure gain
can also be controlled by adjusting the position of the Mies, utilizing the position-adjustable
feature of the structure that corresponds to different gain capabilities.
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Figure 6. Results of the effect of the position of the Mies on the sound field gain. (a) Schematic
diagram of the position shift; (b–f) frequency response plots of the PC-Mies at different positions:
(b) 2 mm left translation; (c) 4 mm left translation; (d) 6 mm left translation; (e) 8 mm left translation;
(f) 10 mm left translation.

5. Experimental Investigation of Harmonic Signal Detection

To evaluate the perceptual performance of the proposed PC-Mies when processing
specialized signals, this paper conducted a test. A sample of the Mies is fabricated utilizing
3D printing technology and photoresist materials, with a height of 90 mm. The phononic
crystal is constructed using acrylic materials and has a height of 90 mm. To visually
distinguish it from the surrounding environment and enhance observational clarity, we
inject dye into the crystal. The harmonic signal is remotely outputted through an upper
computer system to control the speaker. The acoustic measurement device used in this study
is a MEMS-MIC (model: S15OT421-005) with a sensitivity of −42 dB and an amplification
gain of 66. This device is positioned at the edge of the central cavity to detect and analyze
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the acoustic signals. In the absence of acoustic signals, the output voltage of the MEMS-MIC
fluctuates around 1.5 V. The MEMS-MIC is positioned at the inner edge of the PC-Mies
so that in the testing environment, the probe’s inclusion minimizes any disruption to the
internal sound pressure distribution of the metamaterial. The distance between the speaker
and the measurement point is D = 0.45 m in the test environment setup (Figure 7).
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In the context of a factory environment, accurate detection of mechanical bearing
faults is crucial for maintaining production safety [41,42]. The key to effective fault feature
extraction lies in enhancing the Signal-to-Noise Ratio (SNR) of the bearing fault signal.
This can be achieved by either filtering out the noise or amplifying the target signal. In
this study, we simulate the sound of mechanical bearing malfunctions using a speaker to
output harmonic signals. The harmonic signal is

P(t) = 10× cos(2π × f1 × t) + cos(2π × f0 × t) (6)

where the target frequency f 0 is set as 1982 Hz, and the disturbance frequency f1 is set
as 1200 Hz. Figure 8a illustrates the frequency domain analysis of the original harmonic
signal. The collected acoustic signals are analyzed in the frequency domain, and the
frequency spectra obtained from the calculations are normalized. Figure 8b illustrates the
harmonic signal spectrum of the PC point defect. The PC point defect has a significant
gain effect on the signal amplitude of the target frequency component. Figure 8c–f display
the spectrum distribution at four probe positions of the PC-Mies. When compared to
the spectrum obtained from the PC point defect, the curves derived from the PC-Mies
feature prominent peaks. These structures, specifically the PC-Mies, may have a robust
response near the resonant frequency f 0 = 1982 Hz, even if the incident sound wave is
non-stationary in frequency. The PC-Mies exhibits a notably stronger gain effect on the
signal amplitude of the target frequency component compared with the individual PC
point defect. Furthermore, it is found that the signal amplitudes detected at the four probe
positions are nearly identical, which is conducive to extracting monitoring target signals
against a wide area.
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6. Conclusions

To address the difficulty of perceiving weak signals and low SNR in traditional trans-
ducers, this paper proposes a PC-Mie by coupling PC defect states and Mies, which signifi-
cantly amplifies the amplitude of the target frequency weak signals. The frequency domain
analysis of the harmonic signal is evaluated and verified through practical experiments.
The specific conclusions are as follows:

(1) The PC-Mie structure exhibits superior sound pressure enhancement performance
when compared to either PC defect state structure or Mies. The pressure amplitude can
be amplified over 700 times within the PC-Mies. This characteristic helps overcome
the detection limits of traditional acoustic sensing systems.

(2) The capacity to amplify sound pressure amplitude is contingent upon the angle and
location of the Mies at the center. The sound pressure detected by the probe inside
the Mies increases as its position approaches the center of the localized sound field.
Conversely, as the position of the Mies diverges from the center of the localized sound
field, the sound pressure detected by the probe inside the structure decreases.
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(3) Through testing and numerical calculations, it is found that the PC-Mie structure has
a narrower bandwidth, making it more frequency-selective. Moreover, the resonant
frequency of the Mies can be controlled by adjusting its model characteristics, thereby
affecting the operating frequency of the PC-Mie structure. This property favors the
structure as a superior adjustable bandpass amplifier for practical applications.

(4) Finally, the experiments verify that the PC-Mie structure can be used as an enhanced
acoustic device or sensor for detecting harmonic signals, making it easier to detect
weak signals. Although the acoustic enhancement and directional sensing of the
PC-Mie structure may be limited by the narrow resonant frequency in practical
applications, it is still applicable to most emergency sound detections. Acoustic device
designed based on the coupling concept also opens up a new prospect for achieving
high sensitivity and adjustability in acoustic sensing.
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