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Abstract

Nowadays, various materials are extensively utilized in various fields. These materials often
cause invisible damage with the long-term service of machines. A health monitoring system for
materials was presented to eliminate safety hazards as much as possible. This study proposed a
fiber optic stress wave sensing system in view of Lamb wave damage imaging to address the
limitations in the use of materials in some flaw detection systems. Meanwhile, Lamb waves with
small propagation attenuation and long distance in the material were selected as the detection
method. Then the fiber optic stress wave sensing system was used to carry out damage imaging.
The imaging principle of wavelet packet decomposition was selected to avoid losing low-
frequency information. The experiment demonstrated that compared to the original method in
view of time correlation coefficient, the method used in this study improved the signal-to-noise
ratio of damaged images by 1.0112 dB, higher accuracy, better imaging quality, and more pro-
nounced output images. This research offers a theoretical foundation for the application of fiber
optic stress wave sensing systems in the flaw detection, provides practical value for the practical
application of Lamb waves, and has positive significance for the application of flaw detection in
industry.
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Introduction

In recent years, with the development of industry, var-
ious tools with long service lives and harsh operating en-
vironments have emerged. If the manufacturing materials
of the tools are damaged during long-term use, these ma-
terials will lead to serious harm to the whole system [1].
For materials, the formation of damage is often divided
into two stages: micro-damage and macro-damage. Mi-
croscopic damage originates from external forces or
structural damage to the material itself, which gradually
develops into macroscopic damage over time. At this
point, the material will undergo brittle fracture, causing
serious consequences [2]. Therefore, a relevant monitor-
ing system of material structures has extremely important
research significance to detect damage in the early stages
[3]. In today's non-destructive testing, commonly used
technologies include penetration testing, eddy current
testing, magnetic particle testing, etc., but they often have
some limitations in their use [4]. For example, magnetic
particle testing technology is susceptible to electromag-
netic interference. Penetrant testing technology can easily
cause damage to human health during use. Eddy current
testing technology has strict requirements for testing ma-
terials [5]. Therefore, this study proposed the use of elas-
tic waves (Lamb) in free boundary solid plates as a detec-
tion method, which considers the plane wave transmitted
in the free plate for flaw detection. Lamb has an extensive
range of applying with appropriate cost and relevant con-
sumption. Therefore, this research proposed a fiber optic

stress wave sensing system in view of Lamb Wave (LW)
damage imaging, which used the Wavelet Packet De-
composition (WPD) damage probability imaging algo-
rithm to further improve the identification accuracy. The
effectiveness and practicability of the proposed damage
imaging method were verified by further experiments.
There are two innovations. First, WPD is used for im-
proving the recognition accuracy. The second is to intro-
duce damage indicators as the core of the algorithm
through algorithmic principles to further optimize the
flaw detection system. This study is divided into four
parts. The first part is a summary of relevant research
fields. The second part is to build and optimize the sys-
tem proposed in this study. The third part is for validating
the system. The fourth part is a summary of this study.

1. Related works

In actual industrial operating environments, materials
need to be exposed to rain, high temperatures, or dusty
environments for a long time, so they are prone to dam-
age. Therefore, the Structural Health Monitoring (SHM)
is proposed for detecting material damage in an early and
timely manner. Silik et al. proposed a new framework to
accurately extract damage-related information features in
building structures by selecting appropriate wavelets. It
had high accuracy and was very effective [6]. Amer and
Kopsaftopoulos proposed a new active sensing frame-
work in view of ultrasonic guided waves in the wave-
based SHM system, which had higher monitoring sensi-
tivity and robustness [7]. Mao et al. proposed an im-
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proved Bayesian modal identification method to reduce
the impact of uncertain factors on measurement results
during the measuring, ensuring the robustness of the it-
erative process while improving computational efficiency
[8]. Huang et al. summarized different demerits about
relevant testing techniques and discussed their advantages
and disadvantages, and development suggestions were
proposed [9]. Qhobosheane proposed a glass fiber rein-
forced polymer carbon nano-intelligent composite mate-
rial with piezoresistive properties, which enhanced sensi-
tivity to damage development [10]. Chen et al. proposed a
tomographic imaging method for SHM, which realized
the monitoring of tank or pipeline wall thinning. This
method had high detection accuracy and was expected to
be applied in the petrochemical industry [11].

In today's non-destructive testing, the energy forms
used for testing are very diverse. Compared to other test-
ing methods, they either have strict requirements for test-
ing materials or testing environments. Some testing
methods may even cause damage to human health. LW
has great advantages as a detection method. Ye et al. pro-
posed a method for identifying electrode defects in
transmission tower bases in view of single-sided multi-
point excitation of ultrasonic LW to address the difficult
monitoring of buried grounding line networks. This
method achieved precise quantification of grounding
electrode defects and greatly reduced detection errors
[12]. Zhao et al. proposed a LW fatigue crack prediction
method in view of particle filter. The equation of state
and the observation equation of crack growth were estab-
lished. This method had high prediction accuracy [13].
Mousavi et al. used a new semi-three-dimensional meth-
od for simulating the propagation process of LW through
a clamped ultrasonic gas flow meter in contact mode,
which had better accuracy and lower energy consumption
than traditional simulations [14]. Fakih et al. established a

method to monitor the health status of different interfaces.

An SHM system in view of LW and combined with arti-
ficial neural network was proposed, which accurately
predicted the damage [15]. Abbasi and Honarvar investi-
gated the frequency thickness’s influence on the LW in
special condition and confirmed the contribution changes
of the LW modes observed in wave clusters [16]. Wu et
al. proposed a damage shape recognition algorithm. This
algorithm studied the rate of convergence of the method
for grid size and time step, and its recognition results for
damage at any position and irregular damage shape were
more accurate [17]. Aiming at the performance optimiza-
tion, Karpeev V et al. improved the periodic micro-
structure of the fiber optic sensor from the perspective of
diffraction. The experimental results proved that it could
effectively improve the transmission performance of the
fiber optic sensor [18]. Karpeev V et al. proposed a strat-
egy based on horizontal mode selection technology to en-
hance the sensing accuracy of fiber optic sensors, and the
experimental results proved the excellent accuracy of this
method [19]. Aiming at the mode coupling problem of

multi-mode graded index fiber, Garitchev V et al. pro-
posed to use computer-generated spatial filter to explore
the coupling mechanism caused by periodic micro-
bending. This method accurately analyzed the mode cou-
pling phenomenon [20]. Karpeev V et al. further opti-
mized the architecture of the fiber optic sensor on the ba-
sis of horizontal mode selection technology to further im-
prove the performance of. The experimental results
proved that this method effectively optimized the sensing
performance [21].

Therefore, combining the above contents, it is very
necessary to implement the current SHM system. It can
ensure the detection and feedback of invisible damage in
the material structure as soon as material damage occurs.
Meanwhile, corresponding measures can be made in view
of the damage situation to avoid major production acci-
dents caused by material damage, thereby protecting
property and personal safety. Therefore, this study further
studies the SHM system. For improving the applicability
of flaw detection, LW is selected as the detection means,
and the fiber optic stress wave sensing system platform is
built to implement flaw detection.

2. Construction of fiber optic stress wave sensing system
platform in view of LW damage imaging

As the boost of industry, many tools or machines that
operate in harsh environments have emerged. The materi-
als of tools or machines are prone to damage due to long-
term operation under extreme conditions such as rainwa-
ter, high temperatures, and even low temperatures. If the
material damage is not detected in a timely manner, it
will gradually deteriorate over time, ultimately leading to
tool or machine damage, and even causing major produc-
tion accidents, resulting in property and personal losses.
Therefore, this study proposes a fiber optic stress wave
sensing system in view of LW damage imaging. The LW
is used to improve the applicability of the flaw detection
system, the power consumption of the flaw detection sys-
tem is reduced, a fiber optic stress wave sensing system is
constructed, and the flaw detection system is optimized to
improve its accuracy and practicality.

2.1. Construction of LW damage imaging system

LW is an essentially ultrasonic wave, as the speed, at-
tenuation, and impedance of sound waves propagating in
materials are relevant to the properties. Meanwhile, sound
waves can scatter at material defects, thus detecting mate-
rial damage [22]. The definition of LW is the stress wave
obtained by coupling transverse and longitudinal waves
in the waveguide when the thickness of the waveguide
and the wavelength of the excitation wave are of the same
order of magnitude. The LW that is symmetrical to the
center of the plate and the surface vibration of the plate is
called a symmetric LW, also called the S-wave. The LW
with the same vibration direction on the upper and lower
surfaces of the plate is called an anti-symmetric LW, also
called the A-wave. Meanwhile, each type of wave will
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undergo multiple modes in the plate due to dispersion
phenomenon, so the symmetric LW is denoted as
S0, 81, 82,...,S:, and the antisymmetric LW is served as
Aoy, A1, As,..., An. The particle vibration of the two types of
waves varies with the wave propagation process in the
plate, as shown in Fig. 1.
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Fig. 1. Vibration of particles in a plate with different modes
of waves. a) symmetric mode, antisymmetric mode

In each mode, the Group Velocity (GV)and Phase Ve-
locity (PV) of the signal will change with the change of
frequency. For better helping the application of LW flaw
detection, it is essential for calculating the GV and PV of
LW in different modes at different frequencies. Rayleigh
Lamb formula [23] is used to describe the relevant char-
acteristics of LW in two modes, as shown in Formula (1).

h 2
Symmetric mode = tan(g%) ___¥pq 3
tan ( ph) (¢ ) "
h 22 2
Asymmetric mode = tan(q ) =— (q )
tan ( ph) 4k pg

Rayleigh Lamb formula describes the relation in PV
and frequency thickness product in the process of LW
propagation. This formula has infinite solutions, which
means that LW possess multiple modes and exhibit dis-
persion during their propagation. It further explains the
relevant parameters in Formula (1) and supplements it
with Formula (2).

pr=(/¢) -k’
g’ =(o/c)-k* . (2)
k=w/c,

In Formulas (1) and (2), % is half of the thickness of
the propagating plate. ¢; is the longitudinal Wave Veloci-
ty (WV) (constant) in the corresponding mode. ¢, is the
transverse WV (constant). cpis the PV of LW. k is the
number of LW. ® is the Angular frequency. Two of these
constants are relevant to the numerical values of the
transverse and longitudinal waves of LW and the material
properties of the propagation medium. Formula (3)
demonstrates the relevant calculation.

c, =4/G/p
a=+E/p .

In Formula (3), E serves as the Shear modulus of the
material. G represents the Young's modulus of elasticity

3

of the material. p represents the density of the material. If
the Shear modulus of the material is further expressed by
the determined dimensionless quantity |, and the Young's
elastic modulus is expressed by the Dimensionless quan-
tity quantity A and W as E=A+ 2, then the shear WV and
the longitudinal WV can be further expressed. It is shown
in Formula (4).

{cS:‘/G/p:\m/p @

o =E/lp=J+2m)/p

In Formula (4), the dimensionless quantities L and v
can be expressed by the Poisson's ratio v of the material,
as shown in Formula (5).

_E

T 2(1+v)

A= vE
(1+v)(1-2v)

uw=aG
)

Rayleigh Lamb equation establishes the correlation
between the PV of LW and the frequency thickness prod-
uct. However, the GV of LW still needs to be solved, so
it is assumed that a column of single frequency waves is
Formula (6).

y =cos(wt —kx) . (6)

In Formula (5), the phase difference between two
peaks of the same train wave is 27, the distance differ-
ence is L=2m/k, and the time difference is t=2m/m.
Thus, for a train of single frequency waves, its PV is as
shown in Formula (7).

L o
V=—=—.

P (7

The concept of GV can be explained by mixing two
waves with the same amplitude but different frequencies.
It assumes that the waves in two different columns are y,
and y,. Combined with the trigonometric identity trans-
formation, the calculation method for the sum of the two
columns of waves can be expressed as Formula (8).

Y1+ yy = 2 A cos(dt — kx) cos(Aor — Akx) . (®)

In Formula (8), cos(Awt—Akx) represents the low-
frequency carrier wave. A® represents the propagation
frequency of the low-frequency carrier, and it can be con-
cluded that the GV of the whole wave is c;=Aw/Ak.
cos(®f — kx) represents high-frequency wave. ® repre-
sents the propagation frequency of high-frequency waves.
It can be concluded that the PV of the whole wave is
c, =0/ k . The GV of LW can be obtained through the
calculation shown in Formula (9).

d
c, =c2lc, —(fh)ﬁ;l)]-l : )
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In Formula (9), cg represents GV. ¢, represents PV.
dc,/d (fh) determines the relation coefficient in GV and
PV. When dc,/d(fh)—0, GV and PV are basically
equal, so cg=c,. When dc,/d(fh)—x, c;—. 0. By de-
scribing the relationship between PV and Angular fre-
quency, the Dispersion Curve (DC) with frequency thick-
ness product as independent variable and GV as depend-
ent variable can be obtained. It is assumed that the exper-
imental object is aluminum alloy 6061, with a transverse
WV of 5303 m/s and a longitudinal WV of 2973 m/s.
Fig. 2 indicates the details.
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Fig. 2. DC of aluminum alloy 6061. a) Phase velocity
dispersion curve of aluminum alloy 6061, b) group velocity
dispersion curve of 6061 aluminum alloy

According to the scattering curve, the properties of
LW can be obtained as follows: the frequency thickness
product is nonlinear with GV and PV. For a flat plate
with fixed material properties, there are more and more
LW inside the plate as the frequency thickness product
gradually grows. All other modes have cutoff frequencies,
except for the Sy and 49 modes. When the frequency is
less than the cutoff frequency, the modes will decay to
dissipation. No matter how the frequency thickness prod-
uct changes, there are always two or more modes. When
the material properties change, the DC will vary depend-
ing on the solution of the Rayleigh Lamb equation, which
in turn affects the cutoff frequency. In the health structure

monitoring in view of LW, many damage indicators are
extracted from signal features and compared with the sig-
nal indicators during health to determine the location and
condition of damage. So the signals need to be processed
before they are output, and Wavelet Transform (WT) is
widely used as an emerging signal processing method in
recent years. The change of the wavelet starts with the
change of the basis of the transform. The Fourier basis is
the basis of an infinite Trigonometric functions, while the
WT is a finite length attenuated wavelet basis, which can
obtain the frequency while positioning the time. The sig-
nal of LW can be positioned through the WT, as shown in
Formula (10).

WT(a,b) = % [T row (%) d. (10)

In Formula (10), a represents the scale parameter of
the WT. b represents the time parameter of WT. f(¢) is
the signal representation of the original Lamb in the time
domain. P(¥) represents the wavelet basis function. \"(?)
represents the complex conjugate form of W(¢). However,
in Wavelet Decomposition (WD), signal decomposition
often focuses on the low-frequency part, which makes the
converted features often focus on the low-frequency part
as well. This causes WD to lose more high-frequency fea-
tures when facing nonlinear mechanical vibrations.
Therefore, WPD is proposed on the basis of WD, and fur-
ther decomposition is added. The whole decomposition
process can be presented in the form of Binary tree, as
shown in Fig. 3.

Wavelet decomposition

High-frequency
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Fig. 3. Diagram of WD and WPD

b3

clet packet decomposition

2.2. Platform construction of fiber optic stress wave
sensing system

The fiber optic F-P ultrasonic sensor is composed of
two optical flat plates coated with reflective films on the
inner surfaces. When a coherent beam of light enters the
optical resonant cavity composed of the above-mentioned
optical flat plates, multiple reflections occur, and a small
amount of Transmitted Light (TL) is emitted during each
reflection [24]. Therefore, further calculations can be made
to obtain the reflectivity Rrp and refractive index (RI) Tpp
of the F-P interferometer, as shown in Formula (11).

KommbrorepHas ontuka, 2025, tom 49, Nel  DOI: 10.18287/2412-6179-CO-1491 47



http://www.computeroptics.ru

Journal@computeroptics.ru

R + R, + 2R R, cos@
1+R + R, + 2R R, cos @
_ IT, '
"1+ R +R, + 2R, cos @
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In Formula (11), T; represents the RI of the first lens.
R, represents the reflectivity of the first lens. 7> repre-
sents the RI of the second lens. R, represents the RI of the
second lens. Rpp represents the ratio of FPI Reflected
Light (RL) intensity to incident light intensity. 7pp repre-
sents the ratio of TL intensity to incident light intensity of
FPI. The displacement generated by a round trip in an in-
terferometer can be expressed as Formula (12).

4nnL
o

8:

(12)

In Formula (12), n represents the RI of the medium in
two mirrors. L represents the length of the cavity through
which light passes. A represents the wavelength of the in-
cident light in vacuum. If the structure and position of the
two mirrors are adjusted to maintain consistent reflectivi-
ty and RI, the normalized intensity of reflected and TL
can be obtained as shown in Formula (13).

4Rsin*(8/2)
Iy /Io = N
(1-R)>+4Rsin*(d/2) (13)
_p\2
I /1,= (=R)

(1-R)? +4Rsin*(5/2)

By numerical simulations of the above equation,
the normalized intensity curves of reflected and TL
under different refractive indices R can be obtained, as
shown in Fig. 4.
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Fig. 4. Reflection and transmission normalized light intensity
curves. a) normalized intensity of reflected light, b) normalized
intensity of transmitted light

The simulation results indicate that there is a com-
plementary relationship between the RL intensity and the

TL intensity of multi-beam coherence. When
8=2(m+12)n(m=0,+1,%2,...), the intensity of RL
reaches the highest value and the intensity of TL reaches
the lowest value. The intensity curve of RL changes with
the RI R, and the larger the R value, the higher the slope
of the curve near the minimum intensity of RL, while the
curve near the maximum appears smoother. Further re-
search is conducted on the light intensity of the F-P ultra-
sonic sensor. Air is used as the filling material inside the
cavity. At this point, the reflectivity of the two mirrors is
R=4% or (1-R)=1. At this point, the precision of the in-
terferometer is no longer sufficient to measure its perfor-
mance. The intensity of the reflected and TL is further
simplified, and the simplified formula is obtained as
shown in Formula (14).

{Ir =2R(1-cosd)],

=[1-2R(1-cosd)]/, (14)

The light intensity formula indicates that when the
power of the light source remains constant, the incident
light intensity remains unchanged. Both the reflected and
TL intensities have a correlation function between the
sensor cavity length L variable and the phase shift & of
the light wavelength A. When the wavelength of light re-
mains fixed, external measured physical quantities can
cause changes in the sensor cavity length L, changing the
intensity of RL and TL. The change in cavity length L
can also be inferred by the intensity variation characteris-
tics of RL and TL, thereby achieving the detection of ex-
ternal physical quantities to be measured. The hardware
of this experiment is mainly responsible for sensitive col-
lection and form conversion of sensing signals. A high-
speed four-channel fiber optic F-P cavity sensing signal
conditioning system is used. The sensitivity of the thin
film part of the probe is extremely high due to the high
attenuation speed and large attenuation factor of LW in
the flat plate. So the sensing membrane of Microelectro-
mechanical Systems (MEMS) is selected in this experi-
ment. The resonant center frequency of the processed
film can be obtained in view of the deformation law of
the film by using MEMS technology to process thin
films, as shown in Formula (15).

%nn E
47r? \ 3p(1—u?)

(15)

In Formula (14), r represents the radius of the dia-
phragm. E serves as the Young's modulus of the sensing
diaphragm material. p represents the density of the sensor
diaphragm. p represents the Poisson's ratio of the sensor
diaphragm. The value of ¢, is determined by the vibra-
tion mode of the diaphragm. Therefore, it indicates that
the control of the resonant center frequency can be
achieved by selecting the radius and material of the dia-
phragm. Therefore, the sensing membrane with a thick-
ness of 400 um, a cross-sectional edge length of 3 mm, a
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suspended thickness of 10 um, and a suspended radius of
0.95mm is calculated as the detection sensor membrane
in view of the DC characteristics of LW and considering
the preparation process. The structural schematic diagram
of the sensor diaphragm and fiber optic LW sensing
probe is shown in Fig. 5.

0.95mm

1.5mm k N

[T 10pm

400um

a)

10mm

N2

Glass bushing

o = |- Sensitive
J. Ol

Monomode opiical fiber  Ri by diaphragm
b) ] 1 I

Fig. 5. Sensor film and probe schematic.
a) sensor diaphragm diagram, b) sensor probe diagram

In this experiment, the Amplified Spontaneous Emis-
sion (ASE) light source is used. The operating wave-
length range of ASE light source is 1527 nm—1562 nm,
the spectral flatness is <3 dB, and the output light power
is 23dBm. The light with the central wavelength of
1550 nm is selected. According to the calculation in the
previous article, when the central wavelength is 1550 nm,
the three wavelengths required in the three wavelength
demodulation are 1548.4nm, 1550 nm, and 1551.6 nm.
Then, the light with three central wavelengths is filtered
out from the broadband light transmitted by the light
source with the Dense Wave Division Multiplexing
(DWDM) sensor. For the optoelectronic part, Field Pro-
grammable Gate Array (FPGA) is chosen to process the
electrical signal. The FPGA used in this study selects the
heterogeneous SOC ZYNQ7000 series launched by Xil-
inx in view of the system requirements, and XC7Z035-
FFG676-21 (Kinex-7 architecture) is used to manipulate
and control the timing, data, and transmission of each in-
terface. The working voltage of the chip is 1.8V, and the
maximum sampling rate is 65 Mbps. The hardware struc-
ture diagram is shown in Fig. 6.

3. Evaluation of fiber optic stress wave sensing system
in view of LW damage imaging

In the practical engineering application, the SHM system
needs to have certain recognition ability when facing these
diversified environments. Therefore, this study verified the
material damage situation in a LW-based fiber optic stress
wave sensing system. The time-related damage imaging, the
damage imaging in view of WD, and the damage imaging in
view of WPD used in this study were chosen for experi-
mental comparison to compare the experimental results. The
selected experimental plate was an 800x800mm — size alu-
minum alloy 6061 plate. The damage was set for the exper-
iment. In the experiment, for ensuring the objectivity of the
experimental outcomes, there were a large number of sen-
sors arranged, as shown in Fig. 7.
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Fig. 6. Hardware structure of fiber optic demodulation
instrument
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In the arrangement of damage sensors within the entire
flat plate, a circular through-hole damage with a radius of
20mm was chosen. The reason for choosing this size and
shape of the damage is that combining the size of plate
800x800 mm with the damage performance under the sens-
ing network 300x300mm can provide a clearer basis for
analyzing the imaging effect of the algorithm. The damage
settings on the sheet metal are shown in Fig. 8.

N
Y

800mm

O R=20mm

320mm

7
320mm X

800mm
Fig. 8. Circular hole damage experimental design

Firstly, an initial damage probability algorithm in
view of time correlation was chosen for experiments in
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this study to verify the algorithm's performance after LW
propagation on a flat plate. After the finite element simu-
lation processing, the signals on the corresponding paths
were sequentially exported to obtain the damage indica-
tors on each sensing path. The damage index is the core
of an algorithm, the larger the damage index, the greater
the likelihood of damage remaining on that path. So this
experiment obtained images comparing the size of dam-
age indicators on each sensing path, as shown in Fig. 9.
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Sensor path number
Fig. 9. Damage index in view of time correlation coefficient
damage imaging

The amplitude of each pixel on the image was ob-
tained after obtaining the damage indicators for each
sensing path and processing them. The sensor array size
in this experiment was 300x300 mm, so the imaging net-
work of the entire image was divided into 300x300. After
imaging processing, the damage imaging in view of time
correlation coefficient was obtained, as shown in Fig. 10.
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Fig. 10. Damage imaging in view of time correlation coefficient

In Fig. 10, the blue area represents the healthy part of
the structure. The red area represents the damaged part.
The curve around it is due to the propagation time of
0.005 s in the finite element simulation software simula-
tion during simulation processing. This means that more
echo resonance waves enter the algorithm's processing
process, resulting in certain deviations in the imaging
process. Applying the above imaging process scheme to
the damage imaging in view of WD and WPD, the dam-
age imaging can be obtained as shown in Fig. 11.

Although there were differences in their detection re-
sults through the analysis and comparison of the three

structural damage maps, all three methods had dark red
damage areas, which achieved localization of the damage
location. So it is essential for further evaluating the quali-
ty of damage imaging among the three. The damage im-
aging signal-to-noise ratio and damage location judgment
were used to evaluate the damage imaging results of the
three methods, as shown in Tab. 1.
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Fig. 11. Damage imaging in view of WD and WPD. a) damage
imaging based on wavelet decomposition, b) damage imaging
based on wavelet packet decomposition

Tab. 1. Comparison table of three damage indexes

Tmaging prin- Based on.time Based on Based on

ciple correlaFlon wavele; . wavelet pqgket
coefficient  decomposition decomposition

Determine

damage (226,82) (232,77) (231,78)

location(mm)

Relative

error(mm) -4,2) 2,-3) (1,-2)

Damage image

signal-to-noise 10.0012 9.3217 11.0124

ratio

In Tab. 1, the error between the damage shape in view
of WPD and the real shape was the smallest in the dam-
age location detection of the three damage indicators.
Meanwhile, the error value in view of the time correlation
coefficient was larger than that in view of the time corre-
lation coefficient. Its shape was the most clustered at the
damaged site. In terms of the signal-to-noise ratio of the
damaged image, the signal-to-noise ratio in view of WPD
was also the highest. This showed that the difference be-
tween the average strength of the damaged area and the
healthy area was the largest in the damage monitoring
image in view of WPD. That is to say, the damaged area
in the image was more clearly displayed. This study con-
tinued exploring whether the damage probability imaging
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algorithm in view of WPD still maintains good conver-
gence in the experiment. The fitting curve results ob-
tained after processing the experimental images are
shown in Fig. 12.
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Fig. 12. Damage index amplitude comparison diagram.
a) damage image horizontal coordinates, b) damage image
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In Fig. 12, the damage imaging algorithm in view of
WPD was basically consistent with the simulation, and
the highest point of its curve was the closest to the actual
damage coordinate. However, the time-based curve devi-
ated relatively much, indicating that its positioning accu-
racy was still insufficient. In conclusion, the method in
view of WPD adopted in this study had the highest accu-
racy, which indicated the effectiveness of the fiber stress
wave sensing system in view of the LW damage imaging
proposed in this study in the damage health monitoring. It
effectively monitored material damage and had positive
significance for the development of the industrial field.

Conclusion

In industrial applications, if structural damage to ma-
terials cannot be dealt with in a timely manner, it often
leads to production accidents, property losses, and even
threats to personal safety. Therefore, in this study, a dam-
age probability imaging algorithm in view of fiber optic
stress wave sensing system was proposed to emit LW
from the material to be tested and evaluate the health of
the material to be tested. On this basis, a damage assess-
ment index in view of WPD was proposed to improve the
damage probability algorithm to improve the effect of
damage detection. In the experiment, a comparative ex-
periment was conducted on damage imaging using meth-
ods in view of time correlation, WD, and the improve-
ment of this research. The experimental results showed
that, among the three methods, the damage imaging algo-
rithm in view of WPD proposed in this study effectively
extracted and characterized the difference between the
characteristics of the health signal and the damage signal
of materials. The damage image signal-to-noise ratio in

view of WPD was increased by 1.0112 dB compared with
the original method in view of time correlation coeffi-
cient, achieving better imaging effect. However, the ma-
terial health monitoring system proposed in this study has
high requirements for the placement of sensors in practi-
cal applications. If some sensors fail during the detection
process, it will lead to significant errors in the results.
When detecting different materials, the center frequency
of the system needs to be recalculated in view of the DC
of different materials, and its adaptability to different ma-
terials needs to be strengthened.
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