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Cost-effective technology for condition monitoring and fault diagnosis is of
practical importance for equipment maintenance and accident prevention.
Among many fault diagnosis methods, sound-based sensing technology has
been highly regarded due to its rich information, non-contact and flexible
installation advantages. However, noise from the environment and other
machines can interfere with sound signals, decreasing the effectiveness of
acoustic sensors. In this paper, a novel trumpet-shaped acoustic metamaterial
(TSAM) with a high enhancement of sound wave selection is proposed to detect
rotating machinery faults. Firstly, a numerical calculation was carried out to test
the characteristics of the proposed metamaterials model. Secondly, a finite
element simulation was implemented on the model to verify the properties of
the designed metamaterials. Finally, an experiment was conducted based on an
electrical fan to prove the effectiveness of the designed metamaterials. The
results of the signal-to-noise ratio show more than 25% improvement,
consistently demonstrating the potentiality of the designed acoustic
metamaterials for enhancing the weak fault signal in acoustic sensing and
the capabilities of contributing to a more cost-effective fault diagnosis
technology.

KEYWORDS
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Introduction

As sound waves propagate along a material medium, most often air, mechanical wave
energy is transmitted [1]. Acoustic sensing technology, which takes advantage of the
physics of sound, is regarded as one of the most effective non-destructive detecting
techniques in the field of fault diagnosis [2-5] as sound waves contain more information
than conventionally used vibrations. For example, a single microphone and microphone
array can be flexibly installed to capture the operating acoustic signal of industrial
machinery situated in a production hall [6]. The contactless sensors are strategically
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placed to optimize the quality of the recorded sounds.
Nevertheless, the sound signals generated by machines can be
contaminated and drowned out easily by typical factory
environment noise [7], creating an excessively complex

process for condition monitoring. Besides, conventional
sound-based noise reduction technology involves a mass of
electrical components and devices, such as electronic noise
filters, which may potentially reduce the early-stage weak
faults signal acquired from the machine. Therefore, it is
necessary to develop an efficient sound sensing method for
fault diagnosis of industrial machinery.

On the other hand, due to their unconventional properties to
manipulate sound waves, acoustic metamaterials have received
extensive attention as man-made structures. For instance, the
gradient acoustic metamaterials (GAMs) achieve acoustic
rainbow trapping [8], which traps broadband sound energy at
multiple locations and focuses it selectively according to its
frequency, indicating that they can be tailored for weak signal
capturing. Also, some metamaterial-based devices have been
developed to improve the detection of weak signals [9-12]. In
recent years, GAMs with improved SNRs are effective in
extracting weak periodic impulse signals. Chen et al. utilized a
metamaterial with a gradient refractive index to extract pulse
signals that had been drowned by noise as a result of improved
signal-to-noise ratios [13]. Although there has been an increasing
amount of research unveiled in enhancing signal sensing, how to
apply to utilize the properties in practical application to capture
weak signals for condition monitoring remains a slippery subject.
A little previous research has been carried out, among the few
cases, to detect nonlinear elastic sources, Miniaci et al. took the
characteristics of filtration and focalizing shown by nonlinearity
from the designed metamaterials, which were selected and
reflected [14]. Moreover, G. Okudan et al. investigated
integrating phononic crystal lenses on pipelines to amplify
guided waves for improved ultrasonic inspection [15]. For
single-sensor compressed identification of elastic vibrations,
Jiang T et al. propose a metamaterial with randomized
resonators coupled with randomly coupled local resonators
[16]. It was proposed by Li C et al. that a smart metasurface
shaft (SMST) could be used to identify vibration sources using a
single sensor [17]. Overall, it is possible to capture the weak
elastic  signal

using metamaterial-based signal-enhanced

detection methods without applying conventional noise
reduction techniques. It remains to be seen if metamaterials-
based sensing can be high-performance to diagnose faults in
machinery.

In this paper, a trumpet-shaped acoustic metamaterial
(TSAM) with a high refractive index is invested. The TSAM
has the potential of simple structure and easy modeling and
thus fast optimization for flexible sensing performance to meet
the needs in practice. Test results demonstrate that the TSAM is
capable of magnifying the specific frequency range of the acoustic

signals generated by operating machines, which contributes to the
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FIGURE 1

(A) Schematic of trumpet-shaped acoustic metamaterials; (B)
2D effective medium schematic.

TABLE 1 Geometric parameters (unit: mm).

No. Radius No. Radius
1 9 13 36
2 10 14 40
3 11 15 44
4 12 16 49
5 14 17 53
6 16 18 59
7 18 19 64
8 20 20 70
9 23 21 75
10 26 22 82
11 29 23 88
12 32 24 95
Gap 12 Thickness 3
Overall length 350

potential possibility of fault diagnosis with acoustic metamaterials.
The remaining contents of this paper are organized as follows:
Section 2 introduces the acoustic metamaterial design details
including the geometrical design along with the analytical
model and the finite element analysis for verification. Section 3
presents the experimental studies including the frequency response
of a prototype of the proposed TSAM and the experimental
verification of a defective electrical fan for efficiency. Section 4
is the conclusion of this paper.
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Metamaterials design and numerical
simulation

Geometrical design

Inspired by Li et al [18], through progressively turning
evanescent signals into propagating waves, the authors
demonstrated an acoustic metamaterial in fan-shaped that
amplifies signals at subwavelength levels. In this paper, a
trumpet-shaped acoustic metamaterial (TSAM) is designed as
shown in Figure 1A. 24 circular slabs are arranged in an array
whose radii are described by a function z(x) = 0.0006x*+9 along
the x-axis as the geometric parameters are shown in Table 1.
Compared with the structure which is assembled by arrays of
rectangle slabs proposed by Chen et al [19], the gradient
increment of the diameters aims to match the impedance
between the air and the effective medium form by the
designed metamaterials [9]. Moreover, in contrast to rectangle
slabs [8, 10, 13], circle slabs ensure the overall symmetry of the
metamaterial structure, even if the incident sound interacts with
the TSAM through an arbitrary angle, the TSAM is capable to
achieve equal sound enhancement when the distance between the
sound source and the TSAM symmetric point is the same. As far
as this article is concerned, sound pressure acquired from the
center of the slabs is constant at any incident arbitrary angle that
facilitates the signal acquisition which will be discussed in section
2. The combination of circular slabs and air forms an effective
medium with refraction much higher than the air, shown in
Figure 1B in a 2D schematic, which functions as a sound wave
compressor to compress the sound wave propagates within the
TSAM resulting in higher sound pressure amplitude.

Numerical analysis

Based on the geometrical acoustic design above, in this
section, a numerical model was built and calculation was
carried out to preliminarily demonstrate the properties of the
TSAM. In the absence of any sound source, acoustic waves in a
homogeneous medium are controlled by the following equation.

p P

2

VP - B o =0 (1)

In which, acoustic pressure is represented by P, and mass
density and bulk modulus are denoted by two constitutive
parameters p and B. The speed of sound v can be derived by
(Blp)"*. If the effective medium is considered, the p and B can
take extraordinary values such as negative, zero, density, or
modulus. A primary concern with the TSAM proposed here is
its gradual increase in refraction index. For simplicity, the
effective medium of the proposed TSAM is shown in two
dimensions as shown in Figure 1B. According to the following
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effective medium model [13], an array of circular aluminium
slabs with air between them can be defined as a continuous
effective medium, and the effective mass density p (along the x-
axis and z-axis) and bulk modules B can be expressed as:

px:FV'PAl-'- (1+F7)pair (2)
Pai * Pair

. = (3)

P A =F)py+F:-py,

ﬁ BAl'ﬁair (4)

- (1 _FT)ﬁAl-'-Ff'ﬁair’

where Fr is the filling ratio of circular slabs, in Section 3, a prototype
of the proposed TSAM is fabricated with aluminum circular slabs,
therefore, the density p,, = 2700kg/m? and the bulk modulus 3, =
70GPa are set for numerical calculation in this section. Meanwhile,
the bulk modulus and density of airare 8, = 1.4 x 10Paandp;, =
1.2kg/m® respectively. The analytical calculation is based on the
approximation that the entire trumpet-shaped metamaterial
structure can be decomposed into an unlimited number of
uniform metamaterial sections, with the curl z(x) presents in
Section 2.1, which is the function of the radii of the TSAM
shown in Table 1,

and effective refractive index for the

metamaterial can be obtained as follow:

l; airp air ( [
n x%f) = | g + = tan| w
rsam (%, f) ( o B

z

0.5

2600)-
©)

where w = 27f is the angular frequency. Combining the model
proposed by Chen et al [10], an equation of the sound pressure
along the x-axis and the frequency of the input sound, can be
obtained according to Eq. 5:

(znpair)o-s i (1 _ nmeta) e
cos [arctan (pp,} (1}, — 1))

meta

Prsam (x,f) = (6)

Based on Eqs 5, 6, a numerical calculation was conducted and
Figure 2A demonstrates the results under the excitations of
different single-frequency sounds. Taking five single frequency
sounds for input excitations, significant amplifications appear
along the position of the x-axis, which correlates to the TSAM’s
specific locations namely the radius of the circular slabs z(x).
From another point of view, shown in Figure 2B, taking five
individual locations on the x-axis for observation, the model
shows that different fixed locations target different frequency
ranges of the acoustic signals. Overall, the analytical model shows
that the further away from the origin (the higher the z(x) value),
the lower the sound frequency it is targeting to enhance.

Finite element analysis

To verify the analytic results further, a finite element analysis
(FEA) was carried out to more accurately study the performance
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(A) Finite element analysis of TSAM under various excitation of 1361, 1475, 1575, 1665, and 1789 Hz, respectively; (B—F) Frequency responses of

different detect points in Figure 3A.

of the proposed TSAM, as FEA allows various influence
parameters such as the discontinuous dimensions of the slabs
and boundary conditions to be taken into account for more
realistic analysis. As shown in Figure 3A, the sound pressure has
been enhanced inside each slab gap under various single-
frequency excitation. Along the x-axis, there is a sound
pressure amplification (red rings) inside each slab gab in
which a detecting point was set up, as illustrated in the figure
by the black line. Moreover, for the larger diameter trumpet slab
gaps, the frequency of amplified sound becomes lower, which is
due to the higher effect of the effective refractive index achieved
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by the structure. These have verified the analytical analysis in the
previous Section 1.2.

The details of numerical results are presented in Figures
3B-F, which individually shows the frequency response of the
TSAM ranging from 1Hz to 2500 Hz inside five successive gaps
for the large diameter circular slabs when the input sound
pressure is at 1Pa. Amazingly, the structure allows a
magnification gain of approximately 30 times for the gaps of
interest. However, these finite element analysis results are
preliminarily agreeable with the analytical calculation shown
in Section 1.2, whether the TSAM functions as the results
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shown above in reality, still require further investigation in the
following section.

Experimental verification

Acoustic metamaterials properties
analysis

To verify the studies made in Sections 1, 2, a prototype of the
proposed metamaterials was fabricated according to the
geometrical parameters in Table 1. As shown in Figure 4A on
the right, the prototype consists of 24 circular aluminium slabs
penetrated through a threaded rod. A speaker connected to a
signal generator is placed 1 m away from the tip of TSAM and
sound was played with a frequency swept ranging from 1 Hz to
5000 Hz within 20s. For the enhanced sound collection, an
acoustic sensor array with eight channels was inserted inside
the gap between two circular slabs shown in Figure 4B.

Based on the time domain sound signals, eight slab gaps are
taken for demonstration, it shows that sound wave amplification
occurs when a specific frequency sound excites on the specific
slab gap, proving that the TSAM functions as a selective
frequency enhancement device. It also demonstrates that the
larger slabs, the lower the frequency that is targeted. In respect of
the frequency domain, shown in Figure 4C, each slab gap
manifests a narrow band amplification consistent with the
time domain signal in Figure 4B. This experiment reveals that
the TSAM is capable to split broadband sound signals selectively
according to the frequency at various locations and generates a
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high local magnification on the sound amplitudes. Thus, the
magnified frequency ranges of TSAM are individual with
individual air gap locations.

Experimental studies of electrical fan fault
detection with TSAM

To evaluate the performance of the proposed TSAM in fault
diagnosis, a test was carried out to detect a small defect on one of
the seven blades of an electrical fan, which is detailed in Figure 5A
(left) and can be the common situation of pitting corrasions in
many bladed systems. The distance between the fan and the tip of
TSAM is 1 m. Acoustic signals were acquired from seven gaps
and away from the structures, respectively for comparison. By
using the second blade pass frequency as the central frequency,
with sideband 200 Hz (upper and lower, respectively) to perform
the envelope analysis. The envelope spectrum is more effective to
highlight the asymmetric effect due to the fault. The envelope
spectrums obtained are shown in Figure 5B. Compared with the
sound signal collected in the air (No TSAM, yellow), whose
frequency components can barely be seen, the other seven all
exhibit significantly higher amplitudes at the rotating frequency
and shows the high effectiveness of sound signal enhancement.

Despite the enhancement of the sound, it can be observed
that all frequency components of the rotating defective fan are
preserved in the sound signal acquired inside the TSAM, such
functionality is highly critical for fault detection. In concern of
the sound signal quality which is collected inside the gaps of
TSAM, taking four harmonics of the fan rotational speed for
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observation on the SNRs, the seven signals collected inside the
gaps show overwhelmingly up to 25% higher than the signals
collected in the air (No TSAM), indicating the efficiency of fault
detecting due to the improved signals from the TSAM.

Conclusion

This paper presents a novel acoustic structure based on
it by
monitoring and diagnosing the conditions of an electric fan.

acoustic metamaterial properties and evaluated

The conclusions are summarized as follows:
1) The proposed TSAM exhibits a strong narrow frequency

band which the
detective limit of the acoustic sensors for capturing the

enhancement selectively, improves
weak fault signal.

2) All information from the sound source is preserved after the

enhancement by the TSAM due to the non-electronic

components involved in the composition of the acoustic

metamaterials.

3

=

Increased SNRs, being up to 25%, have been achieved in
experimental tests indicating the possibility of applying
acoustic metamaterial for high-performance fault diagnosis.
4

=

Acoustic metamaterials can be flexibly designed to target the
concerned frequency band, which shows the potentiality of
sensing enhancement practical application in other research
fields.
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In addition, the research also identified that multiband

fusion, miniaturization, integration with electronics and
manufacturing simplification, and so on to be addressed in

future studies.
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