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Abstract: The detection of bolt looseness is crucial to ensure the integrity and safety of bolted
connection structures. Percussion-based bolt looseness detection provides a simple and cost-effective
approach. However, this method has some inherent shortcomings that limit its application. For
example, it highly depends on the inspector’s hearing and experience and is more easily affected by
ambient noise. In this article, a whole set of signal processing procedures are proposed and a new
kind of damage index vector is constructed to strengthen the reliability and robustness of this method.
Firstly, a series of audio signal preprocessing algorithms including denoising, segmenting, and smooth
filtering are performed in the raw audio signal. Then, the cumulative energy entropy (CEE) and mel
frequency cepstrum coefficients (MFCCs) are utilized to extract damage index vectors, which are used
as input vectors for generative and discriminative classifier models (Gaussian discriminant analysis
and support vector machine), respectively. Finally, multiple repeated experiments are conducted to
verify the effectiveness of the proposed method and its ability to detect the bolt looseness in terms of
audio signal. The testing accuracy of the trained model approaches 90% and 96.7% under different
combinations of torque levels, respectively.

Keywords: bolt loosening; mel frequency cepstrum coefficients (MFCCs); cumulative energy entropy
(CEE); gaussian discriminant analysis (GDA); support vector machine (SVM)

1. Introduction

As one of the key components of common building blocks, bolt joints are ubiquitously
used in multiple industries, such as mechanical engineering, aerospace engineering, and
civil engineering. There is an impending need for the periodic inspection and continuous
monitoring of bolt looseness, which not only damages the integrity and durability of joints,
but also leads to catastrophic consequences [1]. Avoiding bolt self-looseness seems to be
almost impossible from both theory and practice, because the actual status of the bolted
connections is always associated with the specific service environment, which is recognized
as a complex nonlinear system due to various sources of unavoidable uncertainty [2,3].
Hence, it is necessary to explore types of methods to inspect and monitor bolt looseness in
a timely manner.

The past few decades have witnessed the development of a number of bolt loosening
detecting or monitoring approaches [4,5], including the vibration-based method [6,7], the
electro-mechanical impedance (EMI) method [8], the machine vision method [9,10], the
ultrasonic-based method, etc. [11,12]. All of them can be divided into various groups in
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terms of different perspectives, for example, there are active methods and passive meth-
ods [13], direct methods and indirect methods [14], offline methods and online methods [15],
global methods and local methods [16]. Although these methods have showed remarkable
progress on the problem of bolt loosening detection, there are still some existing problems
holding back their practical applications. For example, the vibration-based method has
proven insensitive to local defects like minor cracks or bolt loosening [6]. The electro-
mechanical impedance method is easily affected by environmental factors like temperature
fluctuations, which are normally impossible to avoid in practical application [8]. In compar-
ison, the ultrasonic-based method shows great potential in the field of non-damage testing
(NDT) [17]. In particular, Wang and Song et al. [12,18,19] achieve encouraging results by
using piezoceramic transducers combined with the time-reversion technique. However,
ultrasonic instruments are normally high-priced and this kind of method requires the
installation of transducers and place circuits, which may lead to a risk of deterioration and
violate the user’s original intention to use bolted joints due to their low costs and easy
disassembly [20].

As one of the oldest nondestructive testing techniques, the tapping and listening
method has been applied in many fields for centuries due to its simple and effective
features. It is a low-frequency (less than 1 kHz) elastic wave method based on the transient
response of a member to mechanical impact. The surface of the testing workpiece is struck
with a metal object such as a steel ball, a hammer, or a heavy chain, which would generate
transient waves and set up vibration resonances. The generated wave motion of the surface
generates acoustic waves that “leak” into the surrounding air (i.e., acoustic waves) and
could be detected by contact sensors mounted on the surface or air-coupled sensors like
microphones. The sound produced when a structure is tapped is mainly at the frequencies
of the major structural modes of vibration. These modes are structural properties which
are related to the local stiffness and damping of the workpiece, so that defects beneath
the surface could be detected in this way [21]. Though the names of this method may
differ across different fields, the basic principles are identical in nature. For instance, this
method is similar to the impact—echo (IE) method for concrete applications and the coin-tap
method for composite inspection. Cawley et al. explained the principles of the coin-tap
method by using spring theory [22] and Gibson et al. investigated the principles of the
impact—echo method based on Lamb wave analysis [23]. It should be stressed that this
kind of method is different from the aforementioned vibration method and the wheel-tap
method in the railway industry due to their local characteristics. As of now, this kind of
method still plays an important role in NDT fields, but some inherent drawbacks should
not be overlooked [24-26]: (1) it is highly dependent upon the inspector’s hearing and
experience; (2) the results are easily subject to interference from background noises; (3) this
technique is normally incapable of providing objective data and quantitative information
for users; (4) the manual process has weak repeatability and is time-consuming; (5) this
technique is limited to some structures with simple geometry. To circumvent the drawbacks
above, the human auditory system can be replaced by some portable devices such as
smartphones and recorders, which normally have a better response frequency range and
sensitivity. These portable devices can also save relatively objective data for later review
and analysis [14,27-29]. Furthermore, the sound sensing method has been strengthened
greatly with pattern recognition techniques and advanced signal processing methods,
which could make it possible to provide quantified information for customers and can
avoid the interference of background noises to some extent [14,27,29,30]. Researchers and
companies have invented some electronic tapping devices, which facilitate the process of
detection and promote repeatability [24]. The development of contact mechanics and finite
element simulation makes it possible to extend the method to complex structures such as
bolted connections [8,26,31-33].

Based on precursor investigations, the authors propose a new tapping sound signal
processing method, which fuses the time domain and frequency domain together so that
it can achieve more promising results. Additionally, we have developed a set of practi-



Sensors 2024, 24, 6447

30f15

cal sound signal preprocessing algorithms, including denoising, end-point detection and
smooth filtering, which can provide relatively standardized signal templates and overcome
the effect of ambient noise at a certain level, thus also enhancing the robustness and superi-
ority of the proposed algorithm. The rest of this article is organized as follows. Section 2
introduces the methodologies for audio signal preprocessing and feature extraction from
the time and frequency domains, along with a brief description of the generative and
discriminative classifier models. Section 3 describes the proposed sound sensing method
for bolt loosening detection. Section 4 shows the experimental apparatus and procedures.
Section 5 gives the experimental results and analysis. Section 6 concludes the main findings
of this paper along with some necessary discussions.

2. Methodology
2.1. Audio Signal Preprocessing
2.1.1. Denoising

The audio signal recorded by smart devices is normally mixed with a certain level of
noise, which will impede the final diagnosis of bolt looseness. Therefore, it is necessary
to eliminate or control this kind of influence in order to analyze the signal characteristics.
In addition, end-point detection and smooth filtering are also key steps for audio signal
processing. For the former, valid samples that could reflect the propagation characteristics
of the audio signal are required to be separated from the whole recording by smart devices.
For the latter, we expect that the effective samples are continuous and smooth to provide
convenience for processing the latter.

As of now, there are several signal denoising methods, such as wavelet denoising,
empirical mode decompose (EMD) denoising, and minimum entropy deconvolution
(MED) [34]. In this article, a parallel threshold method is adopted. For the signal se-
ries x[n],n = 1,---, N, the threshold h can be set in terms of the level of noise in the
original signal series, and then the denoising process can be described in Equation (1).

o1 | x[n]|x[n]|—h >0
0= i n <o <”

where h indicates the threshold, which can take 0.2 to 0.3 variance in light of the signal-noise
ratio (SNR) of the raw signal series (in this paper, we take the threshold as 0.3 variance and
the SNR as about 40 dB). The time series Flag(n) can be defined as |x[n]|—h.

The result of a simple comparison between the original signal with white noise and
signal after denoising by the parallel threshold method is shown in Figure 1.

——
—Original Signal
—— Signal with White Nosie
10k o~ After Denoisin

Voltage(V)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time (ms)

Figure 1. Original signal with white noise and signal after denoising.
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2.1.2. Segmenting

In general, the whole recording is to be divided into different frames, which only
contain one decay waveform that can be used for feature extraction. An algorithm for audio
signal end-point detection is necessary for us, shown in Figure 2. Accurate endpoint detec-
tion leads to efficient computation and results in good alignment for template comparison.
There are several endpoint detection methods, such as short-time energy (STE), short-
time zero crossing rate (ZCR), energy entropy feature, etc. Here, the following steps are
implemented to get a relatively satisfying result based on the previous denoising process.

Len

COCETER L (lE

d, d,

Figure 2. The end-point detection algorithm.

A detection window with a length of L is previously determined and then the speech
or silence parts can be identified when the window slides through the whole time series.
As for Section 2.1.1, |x[n]|—h is expressed as Flag(n) and then the detection index D(T) is
defined as Equation (2):

L
D(T) = ; Flag (i) 2)

Here, T =1,2,---,N/L and L indicates the number of samples in the window. When
the window slides through the whole series, there are four different cases that indicate
the status of the speech signal: Case I: D(T) = 0 and D(T + 1) = 0, which indicates the
noise part; Case II: D(T) = 0but D(T +1) # 0, which represents the starting part and
the x(n) corresponding to Flag(L - T) indicates the start point; Case III: D(T) # 0 and
D(T+1) # 0, which shows the speech part; Case IV: D(T) # Obut D(T+1) =0,
which indicates the end part and the x (1) corresponding to Flag(T) indicates the end point.
Significantly, the key parameter L needs to meet the condition: d; < L < d»; d; indicates
the minimum interval of silence and d, indicates the maximum interval between the two
effective parts.

2.1.3. Smooth Filtering

After the processing of reducing noise and segmenting, raw signals are often dis-
continuous, which can be solved by smooth filtering. The goal of smooth filtering is to
mathematically model the original signal with different fitting curves and enhance its
intrinsic characteristics. Similar to blurring in image processing, we can use a quadratic
B-spline curve to achieve this goal, which has proven to be simple and effective according
to final results. Assuming there are three isolated points Py, P; and P,, the matrix form of
the parametric equation of the quadratic B-spline curve can be expressed in Equation (3):

1 1 2 11[pR
P(t):E[tz t 1|-2 2 0| [P (3)
1 1 0| |P

where t is the parameter of the parametric equation (0 < ¢ < 1). Furthermore, a stepwise
approach is employed to address the problem of multi-point fitting, i.e., the first quadratic
B spline curve is formed by Py, P; and P, the second quadratic B-spline curve is formed by
P1, P, and P5 - - - and so on. It is relevant to note that boundary processing is to add two
extra points Ps and P, to the original points, which are required to satisfy the conditions of Ps
on the extension line where PsPy = PyP; and P, on the extension line where P,_1 P, = P,,P,.
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2.2. Cumulative Energy Entropy and MFCCs
2.2.1. Cumulative Energy Entropy

It is widely acknowledged that the energy of an audio signal in the time domain can
reflect the damage condition of the detection object [35]. However, it has been proven that
using a signal energy-based method directly may face some problems, like the damage
index (DI) based on energy remaining the same under identical cases [36]. To tackle
this problem, the paper proposes a new loosening index based on cumulative energy
entropy, which has proven an effective method to tackle the disadvantages mentioned
above. Cumulative energy entropy (CEE) can be obtained by the following steps: Firstly,
for a given signal that is trimmed by preprocessing: V;(n), n =1,--- ,N. The energy of a
signal can be expressed as shown [29] in Equation (4):

E(n) = Vi(n) (4)

Secondly, the weight of cumulative energy can be computed by Equation (5):

_ X E@)
=

Thirdly, W(n) can be seen as the probability of Shannon entropy [37], and the series of
cumulative energy entropy can be expressed by Equation (6):

CEE(n) = —W(n)log2 (W(n)) (6)

It is noteworthy that the cumulative energy entropy is equal to zero when n is equal
to zero and the shape of the CEE curve (CEE versus n) is normally divided into three
parts (linear, nonlinear and horizontal segments). The characteristics of the curve can
be described by two parameters: the cumulative energy entropy modulus (CEEM) and
cumulative energy entropy (CEE) in Equation (7).

{ CEE = W(N) -
W (k
CEEM = "

where: e indicates a natural number with a value of about 2.714; W(k) indicates the value
of cumulative energy entropy corresponding to CEE equal to (1 — 1/¢) CEE; and k is equal
to the number of sampling points here.

2.2.2. Mel Frequency Cepstrum Coefficients

Mel frequency cepstrum coefficients (MFCCs) are the most popular parametric rep-
resentations for acoustic signals. In the MFCC computation process, the speech signal
passes through several triangular filters that are spaced linearly in a perceptual mel scale,
and the mel filter bank log energy (MFLE) of each filter is calculated. Finally, the cepstral
coefficients are computed by using a discrete cosine transformation of MFLE. The specific
computing procedure is referred to in the literature [38].

In order to extract the most important features of MFCCs rather than using feature sets
with great redundancy, the authors propose a new feature extraction algorithm based on the
information gain ratio (IGR) [39]. This algorithm makes an effort to search for the minimum
entropy for whole feature sets, which can decrease the order of feature sets obtained from
MFCCs and save computational costs with relatively high computational accuracy. The
algorithm is divided into two stages: (1) computing the entropy of the original feature sets
and the contribution of the information gain ratio for each feature vector; (2) deleting or
keeping the feature vector as determined by the IGR.
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2.3. Machine Learning Techniques: GDA and SVM
2.3.1. Gaussian Discriminant Analysis

Machine learning is the process of creating a set of rules from training data that can
then be generalized to the test data [40]. Normally, these techniques can be categorized
into supervised learning approaches and unsupervised learning approaches, in light of
whether or not the training data are labeled. Furthermore, supervised learning approaches
can be specifically divided into discriminative learning algorithms and generative learning
algorithms. For the former, these algorithms are trying to learn p(y|x) (the conditional
distribution of y given x) directly or to learn mappings directly from the space of inputs x
to the labels 0, 1 (such as logistic regression and support vector machines). For the latter,
i.e., generative learning algorithms, they are trying to model p(y|x) and p(y) instead.

As one of the generative learning algorithms, Gaussian discriminant analysis (GDA)
models the data labels as a Bernoulli distribution and conditional probabilities of the feature
vectors as Gaussian distribution [41] as in Equation (8):

y ~ Bernoulli(¢)
x|y =0 ~ N(pp, %) ®)
Xy =1~ N(p, %)

Here, the parameters of the model are ¢, %, uy and py. It is worth noting that though
there are two different mean vectors py and py, this model is usually applied using only one
covariance matrix X. These parameters are given by the maximum log-likelihood estimates
in Equation (9):

1@ mo, i, ) = logllltp(x0, y0; ¢, o, u, )
= long'f‘Hp(x(l) y(i),' 4), ],{0, F’ll/ Z) (9)
<p(v; ¢)

By maximizing  with respect to the parameters, the unknown distribution parameters
can be obtained with Equation (10):

i=1
¥ {y=0}x
_ =1
0 - m
# I{y(i):()}
ot (10)
Y l{y(i)=1}x(l)
_ =1
1 — m
K Yy, 1{y(1>:1}

where m indicates the number of samples and I(-) represents a logical judgment with a
true output of 1, otherwise outputting 0. By applying Bayes’ rule, it can classify a new
data point by computing the conditional probability of a class (y = 0 or 1) given the new
feature values x("). Then, the one with the highest probability will be the predicted class,

as in Equation (11):
j = 0|x™ =1|x()
gl — Oif ply =0|x >ply=1|x a1
Tif ply =0[x"M) < p(y = 1{x®
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2.3.2. Support Vector Machine

Compared with generative learning approaches, discriminative learning approaches
tend to find the optimal classification surface between different categories and to reflect
differences between heterogeneous data. Generally, this kind of model outperforms genera-
tive learning models because it does not require any assumptions about the datasets. The
support vector machine (SVM) algorithm was selected as the audio classification detection
algorithm in this article due to its great performance in many fields. A support vector
machine can achieve its classification effect by using a hyperplane. As depicted in Figure 3a,
a hyperplane w-x + b = 0 (represented by the red full line) can separate the data into
two classes (negative objects and positive objects), and the margin || 2/w || between the
two boundary lines (i.e., w - x + b = %1, represented by the black dotted lines) should
be maximized to ensure the best classification accuracy. Similarly, as shown in Figure 3b,
we can apply a linear SVM to solve nonlinear classification problems by using a nonlin-
ear mapping function ® (popular models of kernel include linear, Gaussian, polynomial,
etc.). The more specific computing process can be obtained from several articles related to
machine learning [30,36] and the authors intend not to repeat them in this paper.

Ve LY
Negative objects Positive objects
(y=-1) (y=+1)

(a)

Figure 3. (a) SVM for linear classification; (b) SVM for nonlinear classification.

3. The Proposed Sound Sensing Method for Bolt Loosening Detection Using GDA
and SVM

A schematic view of the proposed sound sensing method for bolt loosening detection
is shown in Figure 4. When a hammer strikes bolt connection structures, the sound
emission will be transferred to smart devices via microphones, and then the sound file
will be analyzed relying on our devised MATLAB 2022b program. In this study, CEE
and MFCCs were selected as the damage indexes, and considering the environmental
influence in practice, machine learning methods (GDA, SVM) are proposed to conduct
deeper classification. After signal preprocessing and feature extraction, the feature vectors,
including the time domain (i.e., CEEM and CEE) and frequency domain (i.e., MFCCs) will
be classified by GDA and SVM, respectively. Finally, a simple majority vote is utilized for
the final judgment of the classifiers. It is worth noting that the audio files that we acquire
from smart devices will be divided into two types of datasets: training datasets and test
datasets. The GDA and SVM classifier models are constructed using the training datasets,
and the test datasets are used to test the performance of the classifier models. To find a
method for a cure-all method of loose bolt detection, the experiment was carried out in the
laboratory of the Experimental Center of Civil Engineering, with a noise level very close to
the real conditions of a construction site.
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Figure 4. Schematic view of the proposed method.
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4. Experimental Apparatus and Procedures

To verify the effectiveness of the proposed methods in this paper, a set of repeated
experiments were conducted on two steel beams (size: 250 mm X 70 mm x 5 mm, material:
Q235) connected with a M8 bolt (class: 8.8, recommended torque: 44 to 58 Nm), as shown
in Figure 5. Fixed—fixed boundary conditions were simulated by securing each end of the
beam assembly to two screw columns (fastened by double nuts). In light of a previous
investigation [42], the results under free—free boundary conditions were similar to those
presented here and are not included in this article. Since the proposed methods are based
on the tapping and listening method, the experimental setup consists of a contact-type
sensor, impact source, and data acquisition/processing/storage system. In this study, a
dynamic microphone, which is normally used for music and voice recording, was chosen
as the sensor to measure the sound pressure within the near field of the single lap bolt. It
should be noted that the distance between the microphone and impact source has a certain
influence due to the huge (five orders of magnitude) acoustic mismatch between the steel
and air [43,44]. Therefore, this distance was set to approximately 8 cm to account for the
size of the workpiece. The response frequency range of the microphone is 20-25,000 Hz
and the sensitivity is 103 dB/mW. An ordinary wrench was used to apply an impact to
the bolt head and pristine audio signals were recorded and stored in an iPad with internal
recording software (sampling rate: 44,100 Hz). In addition, a digital torque wrench and
ordinary wrench were utilized for applying axial preloads to the bolt with an interval of
30 Nm. In any case, the levels of ambient noise were about 35 to 45 dB.

Fixed support

b ) T
Single lap joint test specimen

Figure 5. Experimental setup.

In this paper, for convenience, the bolt had three different looseness conditions: fully
loosened (0 Nm), partially loosened (30 Nm), and fully tightened (60 Nm). Each condition
had 10 datasets and each dataset contained 10 hammer impacts with an interval of about
1 s. Thus, there were 3 x 10 x 10 audio files in total.

5. Experimental Research

At each bolt looseness condition, 10 percussions were manually performed using a
hammer. The samples of percussion audio signals recorded on a smart device (i.e., iPad)
are shown in Figure 6a. The 10 peaks in each plot denote the 10 hammer percussions under
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each bolt looseness condition. The amplitudes of all peaks are nonuniform because the
percussions were manually controlled. As shown in Figure 6b, raw signals in the time
domain are typically a decay waveform and the amplitude decreases as the torque applied
to the bolt increases. The results are similar to previous studies, where this phenomenon
has been interpreted as indicating that more energy is transmitted from the impact source
to the microphone, rather than dissipating through bolt structures when the bolt has higher
torque [32,45,46].

i ‘

- . | } | —— Torque: 0 Nm

| ‘ ‘ | 6 —— Torque: 30 Nm
‘ —— Torque: 60 Nm

Voltage (V)
Voltage (V)

Time (s) Time (ms)
(a) (b)

Figure 6. (a) Ten impact-induced sound signals for the three bolt looseness conditions; (b) raw signals
for different torque levels.

It is noteworthy that this relationship is not monotonic, because the amplitudes are
affected by both the operators and ambient noise, which makes it seem incapable of giving
a quantifiable result to denote states of bolt loosening [36]. However, entropy has the
characteristics of measuring the complexity and statistical quantification of time series, and
thus can tackle the problem mentioned above. Subsequently, signal processing procedures
were performed on the raw audio signals. The parameters of the preprocessing algorithms
are listed in Table 1 and the classifier results are shown in Figure 7 and Table 2, respectively.

Table 1. Preprocessing parameters.

Stage Parameter Value
Denoising Threshold (h) 0.3
Framing Length of window (L) 34 ms
Smooth filtering Order 2
Number of interpolated points (f) 10
12 L STAGE | STAGE Il STAGE lll

(34.03, 11.86) ”7

(34.03, 11.42)
(34.03, 11.13)

8|
i (G
o 8 \(7.30. 7.50)
i (4.93,7.22)
(3j62,7.04)
4}
Torque 0 Nm
2 —— Torque 30 Nm
—— Torque 60 Nm
0 L L L L L
0 5 10 15 20 25 30 35
Time (ms)

Figure 7. Curves of CEE.
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Table 2. Model evaluation index.

F PR RR AR ER
0 Nm 0.80 0.80 0.80
30 Nm 0.74 0.78 0.70 0.83 0.17
60 Nm 0.95 091 1.00

It can be seen from Figure 7 that the CEE curves are basically the same under different
conditions, and can be qualitatively divided into three stages: the rapid increase stage, the
moderate increase stage and the saturation stage. The duration of the three stages shows
an increasing trend. The following three stages can be discussed as follows:

The rapid increase stage (stage I): the CEE has a linear increase approximately cor-
related with time in this stage, and the growth rate is fast, which indicates that most of
the signal energy has a linear decrease in a short time after the occurrence of striking. The
moderate increase stage (stage II): the CEE moderately increases in this stage, which means
the energy attenuation rate of the received signal gradually decreases and indicates that the
signal energy attenuates to a lower level in this stage. The saturating stage (stage III): the
CEE reaches its ceiling, and the magnitude tends toward a certain value, which indicates
that the sound signal produced by tapping has been completely attenuated, and small
fluctuations may be caused by ambient noise.

Comparing the different bolt loosening conditions using their CEE growth curves, it
can be seen that the accumulation of entropy under the loosening conditions of 0 Nm and
30 Nm is greater than under the loosening condition of 60 Nm. The straight run of the
entropy curve slope can distinguish between the three different bolt looseness states: the
tighter the bolt, the steeper the straight segment, the greater the slope, and the CEE will
be smaller.

Based on the characteristics of CEE curves discussed above, CEE and CEEM are used
to identify the loosening states of bolts in our experiments. As mentioned above, the CEE
overall decreases with tighter bolts while the CEEM shows the reverse trend. After being
normalized to the whole dataset, this trend became more obvious, as shown in Figure 8.

Torque: 0 Nm Torque: 30 Nm Torque: 60 Nm

@9 CEEM
9—9 CEE

Amplitude

Sample

Figure 8. The results of CEE and CEEM under different torque levels for complete datasets

(after normalization).

However, we should admit that the overall differences among cases are not monotonic,
especially for partial loosening conditions (torque level: 30 Nm). Nevertheless, it was worth
noting that relatively large differences can be observed from the CEE and CEEM results
between the fastened conditions and fully loosened conditions, as shown in the Figure 9
(the data were given normalized treatment for ease of viewing).
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Figure 9. (a) CEE results at the torque levels of 0 Nm and 60 Nm; (b) CEEM results at the torque
levels of 0 Nm and 60 Nm.

This phenomenon may be explained through three main reasons: (1) when the bolt
was fully loosened, the hammer would cause severe nonlinearity in the received audio
signals, which added to fluctuation in the results; (2) the pretension force of the bolt was
applied manually and the digital torque wrench itself has a certain error (about £2%).
Therefore, the real torque levels could be more or less than the nominal torque; (3) the
results are also limited by the small sample size. After feeding these feature vectors of CEE
and CEEM into GDA, the test results can be found in Figure 10.

450

A Torque: ONm
A ® Torque: 30Nm

Boundary line,

Boundary line

Figure 10. The performance of the GDA model under different combinations of torque levels. (a) The
performance of the GDA models under the torque levels of 0 Nm and 30 Nm; (b) The performance
of the GDA models under the torque levels of 0 Nm and 60 Nm; (c) The performance of the GDA
models under the torque levels of 30 Nm and 60 Nm; (d) The performance of the GDA models under
the combinations of damaged bolts and undamaged bolts.
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It can be seen that the GDA model can achieve high training accuracy under different
combinations of torque levels. The test results showed that the accuracy rates were 85%,
100%, 95% and 96.7%, respectively, by using the remaining one for cross-validation. Similar
to the decision tree method, we could apply an if-elseif structure to classify three different
torque levels by two GDA models in series. As shown in Figure 11 and Table 2, the
prediction accuracy reached 83.3% under these three different loosening conditions. More
specifically, the testing accuracy and testing error, precision, recall values, and F1 measure
were also computed (the definitions of these evaluation indexes for the model can be found
in reference [41]) as given in Table 2.

True Label
g| 8 2 0
Z126.7% | 6.7% | 0.0%
v
2
E| 2 7 I
o| 6.7% | 23.3% | 0.0% |-
L] Q
g
E| o 1
2 0.0% 3.3%

ONm 30Nm 60 Nm

Figure 11. The confusion matrix of the test results.

In fact, the test error was mainly caused by the fully loosened condition and the
partially loosened condition (for the reasons discussed above). Under the combination of
these two conditions, the performance of the generative classifier is poorer than under other
conditions. Therefore, we could first compute the MFCCs under these conditions. The
redundant features among MFCC vectors were deleted in the terms of the IGR algorithm
(we obtained MFCC vectors up to 12 orders, whereas only 10 orders of MFCCs were
eventually selected for the experiments, as shown in Figure 12).

o0 i
o0 g

- o

4000

Arapitude
Arpitude

13233 %

%

(a) (b)

Figure 12. (a) The feature vectors using MFCC and IGR under the torque level of 0 Nm; (b) The
feature vectors using MFCC and IGR under the torque level of 30 Nm.

Finally, we applied SVM to classify them (70% of the data were used to train the
model while the rest were used to test). It is worth noting that all of the data were
normalized to avoid the influence of the signal amplitude. As shown in Figure 13, the
accuracy of our model approaches 100% when parameter v of rbf (radial basis function
D(x,y) = e_V”X_YHZ) is in the range of (0, 2.16). Therefore, a simple majority vote was
utilized by weighting the GDA and SVM according to their accuracy on the final judgment
of the classifiers in this case (i.e., the combination of full loosening and partial loosening);
theoretically, the final accuracy could be improved to 90%.
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Figure 13. The score curve of SVM under different values of parameter .

6. Conclusions and Discussion

In this paper, a sound sensing method was developed to further the research on the
problem of bolt loosening detection. Firstly, a raw audio signal recorded by smart devices
(i.e., iPads) was preprocessed by a series of procedures. Then, new feature vectors were
defined in the time and frequency domains. Afterwards, different loosening conditions
of bolts were identified automatically by combining a generative learning model (GDA)
and a discriminative learning model (SVM). In particular, feature vectors consisting of mel
cepstrum frequency coefficients were inputted into SVM to distinguish the fully loosened
condition (0 Nm) and partially loosened condition (30 Nm). The experimental results
demonstrate that the proposed method could effectively identify bolt looseness (90% for
multiple bolt loosening conditions and 96.7% for a combination of a loosening condition and
the fully tightened condition). The main findings of this paper are summarized as follows:

(1) Specific preprocessing procedures for audio signals are presented in the paper includ-
ing denoising, segmenting and smooth filtering. This method enhances the perfor-
mance of the percussion-based method and can provide standard audio templates for
follow-up studies.

(2) The concepts of CEE and CEEM are proposed for the first time; they can be viewed
as a kind of modified signal energy index to reflect signal characteristics in the time
domain. The feature vectors of CEE and CEEM in the time domain and the feature
vectors of MFCCs in the frequency domain are recommended for the extraction of
bolt loosening indices. Furthermore, a novel feature selection method based on IGR is
introduced in this paper.

(38) Through the combination of two different supervised learning algorithms, i.e., GDA and
SVM, three different torque levels of the bolt were successfully identified and experi-
mental testing results validated the effectiveness and reliability of the proposed method.

The research work in this paper demonstrates the feasibility and superiority of the
proposed sound sensing method for bolt looseness detection, by identifying three bolt
looseness conditions (0 Nm, 30 Nm and 60 Nm). However, we admit that this work
still has some aspects to improve in the future. For example, the experimental results
are restrained to small sample sizes (though the GDA and SVM models need less data
than other ML models), and because there are multiple paths for sound transmission and
reflection; therefore, it is necessary to investigate the influence of different positions of
the microphone.

Author Contributions: Conceptualization, L.C.; methodology, L.C., Z.Z., G.L., Z.L. and M.].; vali-
dation, Z.L.; formal analysis, X.W.; investigation, Z.Z., G.L. and Z.L.; resources, L.C.; data curation,
Z.L.; writing—original draft preparation, L.C. and Z.L.; writing—review and editing, G.L. and Z.L.;
visualization, Z.Z. and Z.L.; supervision, L.C.; funding acquisition, L.C. All authors have read and
agreed to the published version of the manuscript.



Sensors 2024, 24, 6447 14 of 15

Funding: This research was funded by 111 Projects (B20039). And The APC was funded by
Tianjin University.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Acknowledgments: The authors would like to thank the support from the 111 Project (B20039).

Conflicts of Interest: Authors Liehai Cheng and Zhenli Zhang were employed by the company
Shandong Electric Power Engineering Consulting Institute Corp., Ltd. The remaining authors declare
that the research was conducted in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

References

1. Zhang, Z; Liu, M.; Su, Z.; Xiao, Y. Quantitative evaluation of residual torque of a loose bolt based on wave energy dissipation
and vibroacoustic modulation: A comparative study. J. Sound Vibr. 2016, 383, 156-170. [CrossRef]

2. Nichols, ].M.; Trickey, S.T.; Seaver, M.; Motley, S.R. Using roc curves to assess the efficacy of several detectors of damage-induced
nonlinearities in a bolted composite structure. Mech. Syst. Signal Proc. 2008, 22, 1610-1622. [CrossRef]

3. Lacayo, R.; Pesaresi, L.; Grof3, J.; Fochler, D.; Armand, J.; Salles, L.; Schwingshackl, C.; Allen, M.; Brake, M. Nonlinear modeling of
structures with bolted joints: A comparison of two approaches based on a time-domain and frequency-domain solver. Mech. Syst.
Signal Proc. 2019, 114, 413-438. [CrossRef]

4. Nikravesh, SM.Y.; Goudarzi, M. A review paper on looseness detection methods in bolted structures. Lat. Am. J. Solids Struct.
2017, 14, 2153-2176. [CrossRef]

5. Wang, T.; Song, G.; Liu, S.; Li, Y.; Xiao, H. Review of bolted connection monitoring. Int. . Distrib. Sens. Netw. 2013, 9, 871213.
[CrossRef]

6. Todd, M.D.; Nichols, J.M.; Nichols, C.J.; Virgin, L.N. An assessment of modal property effectiveness in detecting bolted joint
degradation: Theory and experiment. J. Sound Vibr. 2004, 275, 1113-1126. [CrossRef]

7. Huda, F; Kajiwara, I.; Hosoya, N.; Kawamura, S. Bolt loosening analysis and diagnosis by non-contact laser excitation vibration
tests. Mech. Syst. Signal Proc. 2013, 40, 589-604. [CrossRef]

8. Wang, F; Ho, S.C.M.; Huo, L,; Song, G. A novel fractal contact-electromechanical impedance model for quantitative monitoring
of bolted joint looseness. IEEE Access 2018, 6, 40212-40220. [CrossRef]

9. Ramana, L.; Choi, W.; Cha, Y.-]. Fully automated vision-based loosened bolt detection using the viola-jones algorithm. Struct.
Health Monit. 2019, 18, 422-434. [CrossRef]

10. Wang, C.; Wang, N.; Ho, M.; Chen, X.; Song, G. Design of a new vision-based method for the bolts looseness detection in flange
connections. IEEE Trans. Ind. Electron. 2020, 67, 1366—1375. [CrossRef]

11.  Jing, X.; Wang, C.; Li, H.; Zhang, C.; Hao, J.; Fan, S. Health monitoring of bolted spherical joint connection based on active sensing
technique using piezoceramic transducers. Sensors 2018, 18, 1727. [CrossRef] [PubMed]

12.  Parvasi, S.M.; Ho, S.C.M.; Kong, Q.; Mousavi, R.; Song, G. Real time bolt preload monitoring using piezoceramic transducers and
time reversal technique—A numerical study with experimental verification. Smart Mater. Struct. 2016, 25, 085015. [CrossRef]

13.  Amerini, F; Meo, M. Structural health monitoring of bolted joints using linear and nonlinear acoustic/ultrasound methods.
Struct. Health Monit. 2011, 10, 659-672. [CrossRef]

14. Yuan, R; Ly, Y,; Kong, Q.; Song, G. Percussion-based bolt looseness monitoring using intrinsic multiscale entropy analysis and bp
neural network. Smart Mater. Struct. 2019, 28, 125001. [CrossRef]

15. Hu, Z,; Xiang, Z.; Lu, Q. Passive tap-scan damage detection method for beam structures. Struct. Control Health Monit. 2020,
27,€2510. [CrossRef]

16. Xu, C.; Huang, C.; Zhu, W. Bolt loosening detection in a jointed beam using empirical mode decomposition—-based nonlinear
system identification method. Int. J. Distrib. Sens. Netw. 2019, 15, 155014771987565. [CrossRef]

17.  Fierro, G.PM.; Meo, M. Structural health monitoring of the loosening in a multi-bolt structure using linear and modulated
nonlinear ultrasound acoustic moments approach. Struct. Health Monit. 2018, 17, 1349-1364. [CrossRef]

18. Tao, W.; Shaopeng, L.; Junhua, S.; Yourong, L. Health monitoring of bolted joints using the time reversal method and piezoelectric
transducers. Smart Mater. Struct. 2016, 25, 025010. [CrossRef]

19. Wu, G,; Xu, C,; Du, F; Zhu, W. A modified time reversal method for guided wave detection of bolt loosening in simulated thermal
protection system panels. Complexity 2018, 12, 8210817. [CrossRef]

20. Hei, C,; Luo, M.; Gong, P; Song, G. Quantitative evaluation of bolt connection using a single piezoceramic transducer and
ultrasonic coda wave energy with the consideration of the piezoceramic aging effect. Smart Mater. Struct. 2020, 29, 027001.
[CrossRef]

21.  Shin, S.W.; Popovics, ].S.; Oh, T. Cost effective air-coupled impact-echo sensing for rapid detection of delamination damage in

concrete structures. Adv. Struct. Eng. 2012, 15, 887-895. [CrossRef]


https://doi.org/10.1016/j.jsv.2016.07.001
https://doi.org/10.1016/j.ymssp.2008.01.015
https://doi.org/10.1016/j.ymssp.2018.05.033
https://doi.org/10.1590/1679-78254231
https://doi.org/10.1155/2013/871213
https://doi.org/10.1016/j.jsv.2003.10.037
https://doi.org/10.1016/j.ymssp.2013.05.023
https://doi.org/10.1109/ACCESS.2018.2855693
https://doi.org/10.1177/1475921718757459
https://doi.org/10.1109/TIE.2019.2899555
https://doi.org/10.3390/s18061727
https://www.ncbi.nlm.nih.gov/pubmed/29843369
https://doi.org/10.1088/0964-1726/25/8/085015
https://doi.org/10.1177/1475921710395810
https://doi.org/10.1088/1361-665X/ab3b39
https://doi.org/10.1002/stc.2510
https://doi.org/10.1177/1550147719875656
https://doi.org/10.1177/1475921718806141
https://doi.org/10.1088/0964-1726/25/2/025010
https://doi.org/10.1155/2018/8210817
https://doi.org/10.1088/1361-665X/ab6076
https://doi.org/10.1260/1369-4332.15.6.887

Sensors 2024, 24, 6447 15 of 15

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

42.

43.
44.

45.

46.

Cawley, P; Adams, R.D. The mechanics of the coin-tap method of nondestructive testing. J. Sound Vibr. 1988, 122, 299-316.
[CrossRef]

Gibson, A.; Popovics, ].S. Lamb wave basis for impact-echo method analysis. . Eng. Mech. 2005, 131, 438-443. [CrossRef]
Georgeson, G.E; Lea, S.; Hansen, J. Electronic tap hammer for composite damage assessment. Proc. SPIE Int. Soc. Opt. Eng. 1996,
2945, 328-338.

Becht, P.; Deckers, E.; Claeys, C.; Pluymers, B.; Desmet, W. Loose bolt detection in a complex assembly using a vibro-acoustic
sensor array. Mech. Syst. Signal Proc. 2019, 130, 433—451. [CrossRef]

Wang, F; Ho, S.C.M.; Song, G. Monitoring of early looseness of multi-bolt connection: A new entropy-based active sensing
method without saturation. Smart Mater. Struct. 2019, 28, 10LT01. [CrossRef]

Kong, Q.; Zhu, J.; Ho, S.C.M.; Song, G. Tapping and listening: A new approach to bolt looseness monitoring. Smart Mater. Struct.
2018, 27, 07LT02. [CrossRef]

Wang, F.; Ho, S.C.M.; Song, G. Modeling and analysis of an impact-acoustic method for bolt looseness identification. Mech. Syst.
Signal Proc. 2019, 133, 106249. [CrossRef]

Zhang, Y.; Zhao, X.; Sun, X.; Su, W.; Xue, Z. Bolt loosening detection based on audio classification. Adv. Struct. Eng. 2019, 22,
2882-2891. [CrossRef]

Yella, S.; Gupta, N.K.; Dougherty, M.S. Comparison of pattern recognition techniques for the classification of impact acoustic
emissions. Transp. Res. Pt. C-Emerg. Technol. 2007, 15, 345-360. [CrossRef]

Williams, S.; Smith, J. An intelligent tap test as an inspection tool for corrosion in chequer plate floors. J. Sound Vibr. 2002, 257,
857-867. [CrossRef]

Huo, L.; Wang, F; Li, H.; Song, G. A fractal contact theory based model for bolted connection looseness monitoring using
piezoceramic transducers. Smart Mater. Struct. 2017, 26, 104010. [CrossRef]

Li, N.; Wang, E; Song, G. Monitoring of bolt looseness using piezoelectric transducers: Three-dimensional numerical modeling
with experimental verification. . Intell. Mater. Syst. Struct. 2020, 31, 911-918. [CrossRef]

Abboud, D.; Elbadaoui, M.; Smith, W.A.; Randall, R.B. Advanced bearing diagnostics: A comparative study of two powerful
approaches. Mech. Syst. Signal Proc. 2019, 114, 604-627. [CrossRef]

Yang, J.; Chang, EK. Detection of bolt loosening in C-C composite thermal protection panels: I. diagnostic principle. Smart Mater.
Struct. 2006, 15, 581. [CrossRef]

Wang, F.; Chen, Z.; Song, G. Monitoring of multi-bolt connection looseness using entropy-based active sensing and genetic
algorithm-based least square support vector machine. Mech. Syst. Signal Proc. 2020, 136, 106507. [CrossRef]

Shannon, C.E. A mathematical theory of communication. Bell Syst. Tech. |. 1948, 27, 379-423. [CrossRef]

Sahidullah, M.; Saha, G. Design, analysis and experimental evaluation of block based transformation in MFCC computation for
speaker recognition. Speech Commun. 2012, 54, 543-565. [CrossRef]

Dai, J.; Xu, Q. Attribute selection based on information gain ratio in fuzzy rough set theory with application to tumor classification.
Appl. Soft. Comput. 2013, 13, 211-221. [CrossRef]

Kotsiantis, S.B.; Zaharakis, I; Pintelas, P. Supervised machine learning: A review of classification techniques. Informatica 2007,
160, 3-24.

Larrosa, C.; Lonkar, K.; Chang, F-K. In situ damage classification for composite laminates using gaussian discriminant analysis.
Struct. Health Monit. 2014, 13, 190-204. [CrossRef]

Meyer, ].J.; Adams, D.E. Theoretical and experimental evidence for using impact modulation to assess bolted joints. Nonlinear
Dyn. 2015, 81, 103-117. [CrossRef]

Zhu, J.; Popovics, ].S. Imaging concrete structures using air-coupled impact-echo. J. Eng. Mech. 2007, 133, 628-640. [CrossRef]
Dai, X.; Zhu, J.; Tsai, Y.-T.; Haberman, M.R. Use of parabolic reflector to amplify in-air signals generated during impact-echo
testing. J. Acoust. Soc. Am. 2011, 130, EL167-EL172. [CrossRef]

Yang, J.; Chang, F.-K.; Derriso, M.M. Design of a hierarchical health monitoring system for detection of multilevel damage in
bolted thermal protection panels: A preliminary study. Struct. Health Monit. 2003, 2, 115-122. [CrossRef]

Wang, F.; Huo, L.; Song, G. A piezoelectric active sensing method for quantitative monitoring of bolt loosening using energy
dissipation caused by tangential damping based on the fractal contact theory. Smart Mater. Struct. 2017, 27, 015023. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/S0022-460X(88)80356-0
https://doi.org/10.1061/(ASCE)0733-9399(2005)131:4(438)
https://doi.org/10.1016/j.ymssp.2019.05.019
https://doi.org/10.1088/1361-665X/ab3a08
https://doi.org/10.1088/1361-665X/aac962
https://doi.org/10.1016/j.ymssp.2019.106249
https://doi.org/10.1177/1369433219852565
https://doi.org/10.1016/j.trc.2007.05.004
https://doi.org/10.1006/jsvi.2002.5064
https://doi.org/10.1088/1361-665X/aa6e93
https://doi.org/10.1177/1045389X20906003
https://doi.org/10.1016/j.ymssp.2018.05.011
https://doi.org/10.1088/0964-1726/15/2/041
https://doi.org/10.1016/j.ymssp.2019.106507
https://doi.org/10.1002/j.1538-7305.1948.tb01338.x
https://doi.org/10.1016/j.specom.2011.11.004
https://doi.org/10.1016/j.asoc.2012.07.029
https://doi.org/10.1177/1475921713517288
https://doi.org/10.1007/s11071-015-1976-6
https://doi.org/10.1061/(ASCE)0733-9399(2007)133:6(628)
https://doi.org/10.1121/1.3632106
https://doi.org/10.1177/1475921703002002003
https://doi.org/10.1088/1361-665X/aa9a65

	Introduction 
	Methodology 
	Audio Signal Preprocessing 
	Denoising 
	Segmenting 
	Smooth Filtering 

	Cumulative Energy Entropy and MFCCs 
	Cumulative Energy Entropy 
	Mel Frequency Cepstrum Coefficients 

	Machine Learning Techniques: GDA and SVM 
	Gaussian Discriminant Analysis 
	Support Vector Machine 


	The Proposed Sound Sensing Method for Bolt Loosening Detection Using GDA and SVM 
	Experimental Apparatus and Procedures 
	Experimental Research 
	Conclusions and Discussion 
	References

