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Abstract

Effective detection of acoustic signals plays a crucial role in numerous fields, including
industrial equipment fault prediction and environmental monitoring. Acoustic sensing
technology, owing to its substantial information carrying capacity and non-contact measure-
ment advantages, has garnered widespread attention in relevant applications. However,
the effective detection of weak target acoustic signals amidst strong noise interference re-
mains a critical challenge in this field. The core bottleneck lies in the difficulty of traditional
detection methods to simultaneously achieve both high sensitivity and high directional-
ity. To address this limitation, this work proposes a line-defect phononic crystal (PnC)
structure that enables directional enhancement and detection of weak target signals un-
der intense spatial noise interference by coupling defect state localization characteristics
with anisotropy mechanisms. Through theoretical derivation and finite element numerical
simulation, the directional enhancement properties of this structure were systematically
validated. Furthermore, numerical simulations were conducted to validate the detection of
weak harmonic signals and weak bearing fault signals under strong spatial noise interfer-
ence. The results demonstrate that this line-defect phononic crystal (PnC) structure exhibits
high feasibility and outstanding performance in detecting weak acoustic signals. This work
provides novel insights for developing new acoustic detection methods combining high
sensitivity with high directivity, showcasing unique advantages and broad application
prospects in acoustic signal sensing, enhancement, and localization.

Keywords: phononic crystals; defect state; directional enhancement; weak acoustic
signal detection

1. Introduction
Acoustic signals are energy signals propagating through media such as gases and

liquids, carrying rich physical information. Acoustic directional detection plays a crucial
role in numerous fields, with typical applications including microphone design [1–3],
acoustic communication [4–6] and industrial equipment health monitoring [7–9]. The core
method for traditional acoustic directional detection is microphone array technology, but
its detection accuracy is severely constrained by the performance of signal processing
algorithms and the physical dimensions of the array [10–12]. Additionally, biomimetic
microphones inspired by insects in nature offer novel approaches to acoustic directional
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detection. Examples include bionic directional perception microphones developed by
mimicking the sensory characteristics of micro-insects such as Fly Ormia ochracea [13] and
Achroia grisella [14]. However, while these technologies have opened new avenues for
acoustic directional detection, spatial noise from multiple directions easily overlaps with
target acoustic signals in high-noise environments, causing detection accuracy to plummet
or even fail. Therefore, developing novel acoustic direction-finding methods to overcome
the technical bottleneck of detecting weak acoustic signals holds significant theoretical
value and engineering importance.

Over the past two decades, phononic crystals (PnCs) have emerged as artificial struc-
tures capable of manipulating acoustic wave propagation, garnering significant academic
and engineering interest through their unique physical properties. Consequently, PnCs
demonstrate broad application prospects in acoustic wave control, including but not limited
to acoustic superlensing [15–17], acoustic cloaking [18–20], acoustic focusing [21–24], and
acoustic diodes and acoustic noise reduction [25–28]. These characteristics establish a foun-
dation for revolutionizing directional acoustic detection, enabling novel methodologies
with high sensitivity and directivity. For instance, Miniaci et al. [29] proposed a hypersen-
sitive PnC device that demonstrates filtering and spatial focusing functionalities within
specific target frequency ranges. When integrated with time reversal techniques, this device
allows for the detection and localization of nonlinear elastic sources, including cracks and
delaminations. Ma et al. [30] designed a PnC structure with near-zero refractive index,
achieving effective detection of weak Gaussian distributed sinusoidal pulse signals sub-
merged within 30◦ spatial noise. Xiao et al. [31] created a phononic crystal resonator (PnCR)
with directional enhancement capability, which successfully detected gear fault signals
under 104.4 dB sound pressure level noise interference. PnCs with defect patterns enable
the localization and amplification of acoustic energy, demonstrating significant potential
in numerous novel applications such as acoustic sensing [32,33], tunable actuation [34,35],
and acoustic energy harvesting [36,37]. Recent studies [38–41] report novel defect-mode
PnCs with integrated acoustic enhancement and directional sensing functions through
coupled-resonator configurations. However, resonator-coupled designs inevitably increase
structural complexity and manufacturing costs. Approaches leveraging intrinsic structural
properties of defect-mode PnCs for directional enhancement remain underexplored.

Compared to coupled resonator PnCs, anisotropic PnCs offer the advantages of sim-
pler structural design and lower manufacturing costs [42,43]. Inspired by anisotropic PnCs,
this paper proposes a line-defect PnC structure that combines high sensitivity with high
directivity. It aims to overcome the bottleneck in detecting weak acoustic signals in strong
noise environments by achieving directional enhancement detection. To achieve this goal, a
unit cell structure featuring an inner rectangular cavity intersecting with a straight channel
is designed. This unit cell is then periodically arranged in two dimensions to construct
a line-defect supercell. Through deep analysis of the structural dispersion relations and
acoustic transmission properties, the physical mechanism enabling acoustic enhancement
and directional sensing in the proposed line-defect PnC is elucidated. Furthermore, nu-
merical simulation results demonstrate that the designed line-defect PnC exhibits superior
directional enhancement detection performance for both weak harmonic signals and weak
bearing fault signals under strong complex spatial noise interference.

2. Structural Design and Theoretical Calculations
2.1. Structural Design

To achieve directional enhancement of incident acoustic signals, this paper proposes
a periodically distributed anisotropic line-defect PnC structure, as shown in Figure 1a.
Based on the design principles of anisotropic PnCs [42,43], the unit cell was designed
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with a penetrating rectangular cavity and straight channels. Meanwhile, in consideration
of structural fabrication and application constraints, the key geometric parameters were
designed as follows: lattice constant a = 60 mm, inner rectangular cavity length b = 44 mm
and straight channel width c = 10 mm, as shown in Figure 1b. The white region corre-
sponds to air, characterized by a mass density of ρair = 1.21 kg/m3 and a sound velocity of
cair = 343 m/s. Considering structural practicality and manufacturability, photosensitive
resin (blue regions in Figure 1b) was selected with material properties: with the mass
density ρ1 = 1050 kg/m3, sound speed c1 = 2540 m/s, Young’s modulus E1 = 5.08 GPa and
Poisson’s ratio µ = 0.35, respectively. By periodically arranging structures in the x and y
directions, one may obtain an ideal two-dimensional square lattice perfect PnC. Figure 1c
illustrates a 4 × 1 perfect supercell. As depicted in Figure 1d, removing the two central
columns of the perfect supercell (blue shaded region in Figure 1c) induces a line-defect
cavity (orange shaded region in Figure 1d), thereby generating Anderson localization
effects for acoustic energy [44].

Figure 1. (a) Three-dimensional view of the proposed directional enhanced line-defect PnC; (b) Unit
cell; (c) 4 × 1 supercell of perfect PnC and (d) line-defect PnC. The blue shaded areas indicate sections
to be removed, and the orange shaded areas represent line-defect cavities.

2.2. Theoretical Calculation of Dispersion Relations

Dispersion relation analysis serves as a fundamental approach for investigating
wave-manipulation characteristics in PnCs. The finite element method (FEM) is com-
monly employed to investigate acoustic wave propagation in PnCs owing to its compu-
tational efficiency, superior convergence, and ability to accommodate arbitrarily complex
structures [45–47]. In this study, the dispersion relations of the proposed structure were
calculated using FEM combined with supercell analysis. The propagation of sound waves
in periodic structures is governed by the Helmholtz equation [48]:

∇ ·
[

1
ρair(r)

∇P(r)
]
+

ω2

ρair(r)cair(r)
2 P(r) = 0 (1)
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where P(r) represents the sound pressure field, r = {x, y} denotes the position vector, and ω

stands for the angular frequency. In line with Bloch’s theory, P(r) within a periodic structure
can be expressed as:

P(r) = eik·r−ωt∑Gm
Φk(Gm) · ei(Gm ·r) (2)

where k = {kx, ky} denotes the Bloch wave vector within the first irreducible Brillouin zone
(IBZ), Φk is the scalar potential, and Gm stands for the reciprocal lattice vector. The scalar
potential Φ(r, t) can be used to define this equation, which is expressed as follows [31]:

1
ρairc2

air

∂2Φ
∂t2 = ∇ ·

(
1

ρair
∇Φ

)
(3)

Assuming the initial harmonic sound pressure is P = P0eiωt, Equation (3) may be
succinctly rewritten [49]:

ω2P0

ρairc2
air

+∇ ·
(
− 1

ρair
∇P

)
= 0 (4)

As a result, the complete band structure of the structure can be obtained by solving
the dispersion relation between the wave vector k and angular frequency ω in Equation (4).
The finite element analysis software COMSOL Multiphysics 6.2 was utilized to compute
the band structures of the perfect PnC supercell and the line-defect PnC supercell within
the first IBZ, and these results are illustrated in Figure 2a,b. In the perfect PnC, an initial
band gap exists within the frequency range of 1360 Hz to 3360 Hz (grey region in Figure 2a),
indicating that sound waves within this range cannot propagate through the PnC structure.
Introducing defects alters the original band gap profile, resulting in new band gaps and
generating a defect band near 3324 Hz. This physical phenomenon enables the confinement
of evanescent waves within the defect core and adjacent regions, achieving acoustic energy
localization as depicted in Figure 2c. Typically, when using defect PnC for acoustic signal
detection, the sound pressure signal at the center point is primarily measured to obtain the
local sound pressure within the defect PnC. In actual experiments, micro-electro-mechanical
system (MEMS) acoustic sensing units can be employed for measurement. This unusual
physical property can be harnessed to boost the detection of acoustic signals, in turn
enhancing the capabilities of sensing and manipulating sound waves.

Figure 2. The band structure of (a) the perfect PnC and (b) the line-defect PnC. (c) Absolute sound
pressure distribution of the defective mode propagation solution. The inset shows the first irreducible
Brillouin zone, and the red circle indicates the defect band.

2.3. Theoretical Calculation of Directional Enhancement Transmission

To accurately characterize the acoustic transmission properties of the designed line-
defect PnC, the acoustic analysis module of COMSOL Multiphysics was used to establish a
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computational analysis model for the structure, and theoretical numerical calculations were
performed on the transmission of the line-defect PnC structure. It should be noted that
considering the application scenario of the designed line-defect PnC, where sound waves
propagate along the x and y planes (parallel to the structure surface), a Two-dimensional
(2D) simulation model was adopted in this study, as illustrated in Figure 3. The 2D
model not only enables analysis of the propagation characteristics of the PnC but also
significantly reduces computational complexity. This approach has been widely applied in
PnC transmission calculations [31,33,39]. In the acoustic transmission calculation model,
the incident plane wave propagates from left to right, the amplitude P0 is set to 1 Pa, and
the incident angle α is 0◦. Given that the material impedance of this structure is significantly
higher than that of air, its boundary is defined as a hard acoustic boundary. Additionally,
the top and bottom boundaries are configured as rigid boundaries to generate ideal plane
waves. Meanwhile, the right boundary is designated as a perfectly matched layer boundary
to absorb unwanted acoustic reflections.

Figure 3. 2D schematic diagram for acoustic transmission analysis of design line-defect PnC.

To calculate the acoustic enhancement effect of the line-defect PnC, the midpoint of the
incident boundary is designated as the acoustic incident point Pi, and the midpoint position
of the line-defect PnC is set as the measurement point sound pressure Po. Therefore, the
local measurement point sound pressure transmission power Tp of the designed line-defect
PnC is denoted as [50]:

Tp = 10lg
Pout

Pin
(5)

where incident acoustic power Pin and measured acoustic power Pout can be expressed as:

Pin =
∫

∂Ω1

|pi|2

2ρ0c0
dS, Pout =

∫
∂Ω2

|po|2

2ρ0c0
dS (6)

where pi denotes the sound pressure at the incident point Pi, and po denotes the sound
pressure at the measurement point Po, ∂Ω1 and∂Ω2 denote the integral at the incident
point and measurement point, respectively. S represents the connected acoustic boundary.
Furthermore, the sound pressure gain PG of the structure is expressed as:

PG =
Pout

Pin
(7)

It should be noted that the designed line-defect PnC structure has narrow channels,
and acoustic viscous effects must be taken into account to obtain more accurate numer-
ical solutions for acoustic propagation. We employed the boundary layer impedance
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method [51,52] to simulate the dissipative effects arising from acoustic viscous forces at
all boundaries of the line-defect PnC. To obtain the optimal gain structure, we calculated
the sound pressure transmission power spectrum and pressure gain spectrum of the line-
defect PnC for different straight channel widths c, with results shown in Figure 4a,b. The
results indicate a maximum gain resonance peak near 3324 Hz, corresponding to the band
frequency of the structural line defect. It has a transmission power exceeding 24.5 dB and
a sound pressure gain exceeding 176.9 times. Therefore, considering the optimal balance
between sound pressure gain and structural dimensions, we selected a straight channel
width of c = 10 mm.

Figure 4. (a) Pressure transmission power spectrum and (b) Pressure gain spectrum with different
straight channel widths c.

To further validate the directional acoustic enhancement capability of the structure, the
directional response of the designed line-defect PnC was calculated under varying incident
angles α at its resonant frequency of 3324 Hz. Figure 5a presents the absolute sound
pressure distributions for three incident angles (α = −25◦, 0◦, and 45◦). It is observed that
at α = 0◦, the maximum sound pressure is localized at the center of the line-defect PnC. In
contrast, waves incident at other angles (e.g., −25◦ and 45◦) exhibit significant attenuation
and become undetectable. The normalized sound pressure gain directional response of
the structure was calculated and plotted in Figure 5b. The response curve demonstrates a
maximum gain at normal incidence (α = 0◦) with no observable sidelobe interference. It is
worth mentioning that compared to PnCR with equivalent functionality (exceeding 15 dB
in transmission power and achieving over 35 times sound pressure gain) [31], the structure
designed in this study has a transmission power that is 9 dB higher and a sound pressure
gain that is 141 times higher, without the need for complex coupled resonators. This
advantage stems from the simplified structural design, which reduces the thermoviscous
dissipation of acoustic energy, thereby effectively addressing the high complexity issue
commonly faced by high-performance defective PnCs. These theoretical results confirm
that the designed line-defect PnC possesses exceptional directional acoustic enhancement
properties, establishing it as a high-gain directional acoustic sensing structure.
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Figure 5. (a) Absolute sound pressure distribution of the designed line-defect PnC under plane
waves at different incident angles. (b) Directional response of normalized pressure gain at resonant
frequency 3324 Hz.

3. Analysis of Numerical Simulation Verification Results
3.1. Directional Enhancement Detection of Weak Harmonic Signals

Effectively detecting harmonic signals obscured by spatial noise represents a critical
requirement in practical engineering applications. To evaluate the directional enhancement
capability of the structure, we constructed a harmonic signal Sh(t) with three distinct
incident directions, the specific parameters are shown in Table 1. This was employed to
simulate and validate the capability of the structure to detect weak target acoustic signals
from the desired direction (α = 0◦), which is mathematically expressed as follows:

Sh(t) =
N

∑
n=1

Pn sin[2π fnt − kn(x sin αn − y cos αn)] (8)

Table 1. Detailed parameters of the harmonic signal Sh(t) for numerical simulation detection.

Parameter Value Parameter Value Value Parameter

f n [3074, 3324, 3674] Hz αn [45◦, 0◦, −25◦] Sampling
frequency 8000 Hz

Pn [1, 10] Pa N 3 Simulated time 0.3 s

Figure 6a,b show the time-domain and spectrum results of the incident harmonic signal
Sh(t) propagating in free space, respectively. Analysis reveals that compared to interference
signals from other incident directions, the amplitude of the target sound source at 3324 Hz
in the desired direction is extremely weak. However, when detected using the designed
line-defect PnC structure, as shown in Figure 6c, the weak harmonic component in the
target direction is amplified from an initial 1 Pa to 36 Pa due to the directional enhancement
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property of this structure. Concurrently, as shown in Figure 6d, interference signals from the
other two directions, falling within the structure’s bandgap range, experienced significant
suppression of their propagated energy. Their amplitudes decreased from 10 Pa to 8 Pa and
3 Pa, respectively. Additionally, to clarify the distinction between this anisotropic property
and the bandgap characteristic, this study constructed a signal Sg(t) with the same frequency
as Sh(t) but with an incident angle of 0◦. This signal was then detected by the line-defect
PnC, with the results shown in Figure 6e,f. Comparing Figure 6d,f reveals that for signals
with different frequencies but identical propagation directions, the designed line-defect PnC
suppresses interference signals through anisotropic directional suppression. Conversely,
for signals with both differing frequencies and propagation directions, interference signals
are similarly suppressed via anisotropic directional suppression. This distinction not
only results in different amplitude characteristics for interference signals but also leads to
noticeable differences in their gain performance relative to the target signal. These results
demonstrate that even when the target directional sound source is interfered with by signals
from other directions, the designed line-defect PnC can effectively detect and recover the
weak sound source from the desired direction while simultaneously suppressing irrelevant
noise from other directions.

Figure 6. (a) Time domain waveform and (b) frequency spectrum of the simulation harmonic signal
Sh(t) propagating in the free field. (c) Time domain waveform and (d) frequency spectrum of the
simulation harmonic signal Sh(t) propagating in the line-defect PnC. (e) Time domain waveform and
(f) frequency spectrum of the simulation harmonic signal Sg(t) propagating in the line-defect PnC.

3.2. Directional Enhancement Detection of Weak Bearing Fault Signals

Bearings are the most critical fundamental components in rotating machinery, with
their operational status directly impacting the reliable functioning of entire mechanical
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equipment and industrial production systems. When localized bearing failures occur
(such as pitting, cracks, or spalling), rolling elements passing through the damaged area
collide with it, generating impacts that excite the bearing’s natural vibrations and sub-
sequently trigger structural resonance. Consequently, bearing fault signals manifest as
amplitude-modulated (AM) signals centered on the carrier frequency with the modulation
frequency forming the sidebands. These signals can be approximated as the product of an
exponentially decaying function and a sine function [53]:

Sb(t) = 2e−ςt sin(2π fdt)× [sin(2π frt) + 3] (9)

where f r is the rotating frequency, f n is the natural frequency of the bearing, f d is the
bearing fault frequency, t = mod (t, 0.99/f n), and ζ is the damping coefficient. Based on
this equation, further simulations were conducted to detect bearing fault signals, verifying
the potential of the proposed line-defect PnC in industrial inspection applications. Table 2
lists the parameters of the simulated bearing fault signal Sb(t). Additionally, a strong noise
source (maximum amplitude of 6 Pa, uniformly distributed broadband white noise) was
positioned at approximately 40◦ azimuth in the horizontal direction to simulate spatial
noise interference on the bearing fault signal, as illustrated in Figure 7a.

Table 2. Detailed parameters of bearing fault signal Sb(t) for numerical simulation detection.

Parameter Value Parameter Value Parameter Value

f r 20 Hz f d 12 Hz Simulated time 0.5 s
f n 3324 Hz ζ 100 f sampling 8000 Hz

Figure 7b–d displays the time domain diagram, spectrum diagram and envelope
spectrum diagram of the simulated bearing signal Sb(t). The bearing fault signal exhibits
periodic impacts in the time domain, with its spectrum exhibiting a harmonic cluster
centered on the natural frequency f n. The envelope spectrum obtained via Hilbert trans-
form clearly reveals the characteristic fault frequency fd and its harmonics. Figure 7e–g
presents the time domain waveform, spectrum, and envelope spectrum obtained from
simulated detection in a free field. Unfortunately, strong noise obscures the bearing fault
impact characteristics, rendering the fault sideband signals in the spectrum weak and indis-
tinct. Consequently, the envelope spectrum fails to identify the bearing fault characteristic
frequency f d, resulting in unsuccessful bearing fault detection.

The designed line-defect PnC exhibits outstanding acoustic directional enhance-
ment properties, offering significant advantages for detecting weak bearing fault signals.
Figure 8a shows the absolute sound pressure distribution of bearing fault signals under
spatial noise interference in the free field. It is evident that no valid information can be
captured in the free field under strong noise interference. Figure 8b the corresponding
sound pressure distribution of a weak bearing fault signal at the line-defect PnC under
spatial noise interference. It is observed that the fault signal energy is concentrated at the
center of the line-defect PnC detection point. Surprisingly, the line-defect PnC significantly
suppresses noise interference, fully preserving the bearing’s fault impact characteristics and
faint fault features while markedly amplifying the fault signatures, as shown in Figure 8d,e.
Furthermore, comparing Figures 7d and 8e reveals that the envelope spectrum of the online
defect PnC detection not only successfully identifies the fault characteristic frequency fd
and its harmonics but also exhibits amplitudes far exceeding those of the characteristic fre-
quencies in the bearing fault signal itself. All findings confirm that the proposed line-defect
PnC enables directional enhancement of weak sound sources in the target direction amid
strong spatial noise interference, while retaining excellent directional gain. This structure
thereby demonstrates significant potential for detecting faint acoustic signals.
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Figure 7. (a) Schematic of the propagation of bearing fault signals disturbed by spatial noise in 40◦

direction. (b) Time domain waveform, (c) frequency spectrum and (d) envelope spectrum diagram
of the simulated bearing signal Sb(t). (e) Time domain waveform, (f) frequency spectrum and
(g) envelope spectrum diagram of the detected bearing signal Sb(t) in the free field.

 

Figure 8. Absolute sound pressure distribution of bearing fault signals under directional noise
interference in (a) the free field and (b) the designed line-defect PnC. (c) Time domain waveform,
(d) frequency spectrum and (e) envelope spectrum diagram of the detected bearing signal Sb(t) in the
line-defect PnC.
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4. Conclusions
To address the technical bottleneck of directional detection of weak acoustic signals in

environments with strong spatial noise, this paper proposes a line-defect PnC structure that
couples defect-state localization characteristics with structural anisotropy mechanisms. This
structure achieves directional enhancement and detection of weak acoustic signals from
the target direction. Through theoretical derivation and numerical simulation experiments,
the directional enhancement characteristics of the designed structure were systematically
evaluated and verified. The main conclusions are as follows:

(1) The proposed PnC exhibits exceptional transmission gain for target signals, theoreti-
cally achieving over 24.5 dB acoustic power transmission gain and 176.9 times sound
pressure enhancement.

(2) Benefiting from the anisotropic design of the structure, this line-defect PnC achieves
outstanding azimuthal resolution without relying on complex coupling structures. It
demonstrates high sensitivity and directional sensitivity for target acoustic signals,
particularly at points of interest such as 0◦. Simultaneously, its straightforward
structural design and manufacturing process significantly reduce costs in industrial
applications, showcasing remarkable economic advantages.

(3) Compared to conventional acoustic detection techniques, the method based on this
line-defect PnC enables directional enhancement and detection of weak acoustic sig-
nals without requiring complex array sensor structures or post-processing algorithms.
It effectively detects weak harmonic signals and weak bearing fault signals amidst
strong spatial noise interference.

In summary, this approach provides novel insights and theoretical guidance for devel-
oping high-sensitivity and high-directivity acoustic detection technologies, demonstrating
significant application potential in the perception, enhancement, and localization of weak
acoustic signals.
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