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Abstract: A four-loop shaped structure of fiber Bragg grating (FBG) acoustic emission (AE) sensor
based on additive manufacturing (AM) technology is proposed in the letter. The finite element
analysis (FEA) method was used to model and analyze the sensor structure. We aimed at improving
the sensitivity, the static load analysis, and the dynamic response analysis of the normal FBG acoustic
emission sensor and the FBG AE sensor with improved structure parameters. We constructed the
FBG AE sensor experimental system based on a narrowband laser demodulation method and test
on real acoustic emission signals. The results demonstrated that the response sensitivity of the FBG
acoustic emission sensor was 1.47 times higher than the sensitivity of the normal FBG sensor. The
sensitivity coefficient of PLA-AE-FBG2 sensor was 3.057, and that of PLA-AE-FBG1 was 2.0702.
Through structural design and parameter optimization, the sensitivity and stability of the FBG AE
sensor are improved. The four-loop shaped sensor is more suitable for the health monitoring in
fields such as aero-engine blade, micro-crack of structure, and crack growth in bonded joints. While
ensuring the sensing characteristics, sensitivity, and stability of the four-loop shaped sensor have
been enhanced. It is possible to apply the FBG AE sensor in some complex engineering environments.

Keywords: fiber Bragg grating; additive manufacturing; acoustic emission; FEA; improving sensitivity

1. Introduction

Acoustic emission (AE) refers to the phenomenon of transient elastic waves that are
emitted by materials due to the rapid release of energy. As an important nondestructive
detection technology, AE detection has been successfully used in the field of structural
health monitoring and early material flaw detection [1]. In some applications of strong
electromagnetic interference and narrow application environment, such as high-voltage
transformers and aero-engine blade damage monitoring, the application of traditional
AE sensors is greatly limited due to their large size and susceptibility to electromagnetic
interference and other factors.

A fiber grating sensor has the advantages of rapid response, anti-electromagnetic
interference, small size, easy installation, and a high reliability, etc. The sensor network of
distributed or quasi-distributed sensors is easier to setup. Therefore, the fiber Bragg grating
(FBG) acoustic emission (AE) sensor that combined the above-mentioned advantages and
the high sensitivity characteristics of an FBG AE sensor can realize distributed detection
applications in strong electromagnetic interference, small space, and large structures. In
recent years, the FBG AE sensor has been widely used in the aerospace field, composite
material detection, and large-scale structural health monitoring [2-6] as well as other fields.
The FBG AE sensor is gradually becoming a sensor with great development potential and
application value [7].

The bare grating is suitable for the detection of stress, strain, temperature, and AE
signal, but its sensitivity is lower than that of AE sensors and it is very thin and fragile.
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Therefore, in the practical application of AE detection, it is necessary to design a sensi-
tization structure to improve its sensitivity in the detection of structural damage. The
sensitivity enhancement structure of FBG sensor [8] protects the bare grating to avoid
damage, and even achieve temperature compensation [9,10] or sensitivity adjustability [11]
as required. Thus, the sensitivity enhancement structure of FBG AE sensor is the key to
its engineering application and becomes a hot research issue in the application field of AE
technology [12,13]. Many researchers have studied the applicability of FBG AE sensors
in the structural monitoring of aerospace and large-scale buildings. Giurgiutiu directly
embedded fiber gratings into aerospace composite materials for monitoring their structural
health [14], however, embedding the sensors complicates the composite manufacturing,
and the monitoring strategy must be foreseen before the manufacturing process. Chen Ru
et al. used FBG to monitor the stress and strain in AM process in real time [15]; Liu et al.
used the phase shifted fiber Bragg grating (PS-FBG) to monitor composite materials for
long-term use [16]; Tao et al. directly used the FBG acoustic emission sensor to monitor the
health conditions of the polymer-bonded explosive (PBX) cracks in the narrow space of
polymer explosives [17]; Manterola et al. used FBG as the AE sensor to treat the cracks that
appeared at the structural rigid bonding head for a long time [18]; Leitao et al. developed
FBG intensity sensors and the sensor was successfully used in the monitoring of central
arterial pressure changes over a long period of time [19].

Arnaldo proposed a three-dimensional (3D) displacement sensor that was based on
one fiber Bragg grating (FBG), and the sensor measured the axial strain, bending, and
torsion with a single fiber Bragg grating in CYTOP fiber simultaneously with good agree-
ment. The relative errors was below 5.5% [20]. Kumar et al. proposed the simultaneous
measurement of the strain and temperature using a pair of etched and un-etched fiber
Bragg grating (FBG) that was fabricated in a single mode glass optical fiber. The diameter
of the fiber cladding was reduced by etching and the temperature and the strain sensitivity
was increased to 11.80 pm/°C and 1.2 pm/pe [21].

At present, some common packaging forms mainly include the paste type [22], the
embedded type [23], the substrate type [24], the capillary type [25], and the box type [26].
Compared with the paste type, the embedded packaging solution can protect the fiber
grating and avoid direct exposure to the working environment, but there is no way to
realize the reuse of the fiber grating. Xiujuan [27] et al. optimized the design of the I-shaped
FBG and made the metal copper and steel substrate into the I-shaped package, which
improved the sensitivity of the fiber grating and allowed the reuse of the fiber grating
sensor. Li [28] used the steel tubes of a capillary to encapsulate the FBG sensor, which was
applied to the strain and temperature monitoring of the comprehensive laboratory building
of Dalian University of Technology. Torres [29] used finite element analysis to establish a
sensor package model and studied the accuracy of the sensor after being pasted with the
test piece.

The research of the above-mentioned packaging structure has enhanced the reliability
of the grating sensor application. However, some sensors are difficult to encapsulate and
some have poor stability and repeatability, especially if the sensitivity is not up to the
sensitivity index of AE sensors and cannot be used in the applications for acoustic emission
monitoring of structural damage.

Additive manufacturing (AM) offers potential solutions when conventional manu-
facturing reaches its technological limits. These include a high degree of design freedom,
lightweight design, functional integration, and rapid prototyping, Nowadays, AM exhibits
the capability and capacity for advanced manufacturing and is another potential process
to produce freeform geometries. Various industries have been using AM profitably for
many years including high-tech industries, such as aerospace, biomedical, and so on [30,31].
There are many kinds of additive manufacturing materials including commonly used
ABS material, polycarbonate material, polyamide material, and polylactic acid (PLA) ma-
terial [32]. Therefore, PLA was selected as the printing material in this paper. The 3D
printing process parameters have a great influence on various aspects of the mechanical
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properties, and the parameters need to be adjusted when making the parts [33]. After the
parts are made, a low-cost heat treatment can improve the impact strength of the printed
polymer during the post-treatment process [34]. After the parts have been manufactured,
the heat-treatment process might be considered as a low-cost post-processing method for
improving the impact resistance of a 3D-printed polymer part considerably [35].

This paper proposes an AM-based FBG AE sensor with an enhanced sensitivity struc-
ture, which improves the sensitivity and stability of the sensor, has better thermal stability,
higher flexural modulus and mechanical properties, and can effectively protect the fiber
Bragg grating. The finite element analysis (FEA) method is carried out on the package
structure parameters of the FBG acoustic emission sensor and the static stress and dynamic
response were analyzed. A test platform was built for the experimental research. Experi-
mental research shows that both the four-loop shaped FBG acoustic emission sensor and
the traditional Piezoelectric Transducer (PZT) AE sensor have good AE signal response
characteristics. The four-loop shape structure improves the performance of the FBG AE
sensor and effectively ensures the stability of the sensor.

2. Theoretical Analysis of FBG Sensing

Fiber grating is a sensor device with periodic modulation of refractive index. When it
is not affected by changes in the external physical quantities, the effective refractive index
of the core in the axial direction can be expressed by Formula (1)

_ .of T
nefr(z) = Tgpro — Ansin (Ao z> (1)

In the formula, 77,5 is the average effective refractive index of the fiber grating that is
not affected by acoustic emission, A is the initial period of the Bragg fiber grating, An is
the maximum change in refractive index, and z is the coordinate point along the axis of
the grating.

Using fiber grating coupled mode theory calculation, mode coupling occurs when
a beam of light passes through the grating and the peak wavelength of the fiber grating
reflection spectrum is the central wavelength, which meets Formula (2)

AR = 2T 77 AA )

where Ag is the central wavelength of the grating reflected light, 7.7 is the effective
refractive index of the fiber core, and A is the grating grid period. Under the action of the
lamb wave that is generated by acoustic emission, the strain field model along the axial
direction of the fiber grating can be expressed by the cosine function of Formula (3)

eAE(t) = Aag cos (an - wAEf> 3)
AaE

A sr means normalized to AE wave amplitude, A 4r is the wavelength of the acoustic
emission that is propagating in the detection material, w4 is the angular frequency of the
acoustic emission, z is the point along the axis of the fiber, and ¢ is the propagation time
of the acoustic emission wave. When the fiber grating is affected by the external physical
quantities, the grating period and refractive index are affected and the wavelength drifts.
The amplitude and strain of the drift can be expressed by Formula (4)

AAR = AR(1 = p)eak 4)

where AAy is the wavelength shift amplitude caused by strain, and p is the elastic-optical
coefficient of the optical fiber. € 4 is the strain amplitude. The elastic-optical coefficient of
a typical single-mode silica fiber is p = 0.22. For a grating with Az = 1550 nm, the strain
sensitivity that is calculated by Equation (4) is 1.22 pm/pe. The fiber grating is subjected to
the non-uniform stress field of the acoustic emission wave in the axial direction and after
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the acoustic emission stress wave is modulated, the wavelength changes non-uniformly
with the acoustic emission wave.

3. Structural Design of FBG AE Sensor
3.1. Packaging Structure

The I-shaped sensor has a relatively simple structure and can effectively protect the
grating, but the sensor sensitivity of the bare grating is hardly improved, even causing a
decrease of the sensitivity. In addition, the adaptability of range and accuracy to different
engineering applications is weak.

According to the analysis and calculation of the packaging structure that is required
for engineering applications, the acoustic emission signal is the high-frequency and weak
signal, which requires high-sensitivity sensor detection, and the sensitivity-enhancing type
packaging is adopted.

Figure 1 shows the two FBG acoustic emission sensor packaging structures that are
proposed in this paper, and the structural parameters are optimized. Figure 1a is the
general I-shaped fiber grating sensor package structure (PLA-AE-FBG1) and Figure 1b
is an improved design (PLA-AE-FBG2) that increases the number of hollowed-out loops.
The sensitivity enhancement principle of the sensor structure in the figure is that the fixed
distance L2 on both sides is greater than the distance L1 between the adhesives at both
ends of the fiber grating. The loop-shape structure in the figure can effectively concentrate
the strain in the middle of the package structure. The modulus is greater than that of the
fiber so that the deformation AL; of the structure under testing is almost all concentrated
on the fiber grating. When the strain of the structure under testing is AL,/ Ly, the strain
that is received by the fiber grating is approximately AL;/L;. Therefore, the sensitivity
amplification factor of the amplifier is L, /L;. The purpose of increasing the number of
hollows is to further analyze the influence of the sensor structure on the sensitivity.

FBG Fixed Adhesive Node

Optical Fiber TS P

M
Ampllflcatlo “\

Sensor Package Adhesive Part

Sensor Package Adhesive Part

(a) (b)

Figure 1. The loop-shape package structures. (a) Normal I-shaped FBG sensor model; (b) Improved
I-shaped FBG sensor.

3.2. Simulation Research on Sensitizated Structure

To simplify the experimental objects, we chose simulation research of the loop-shaped
package structure close to the physical sensor, and then used the finite element analysis
(FEA) method to optimize the modeling of the sensor’s sensitivity enhancement structure
in this paper. Static analysis and dynamic analysis are carried out on the general two-
loop shaped structure FBG sensor and the improved four-loop shaped structure carvings
FBG sensor.

This section mainly studies the strain and response of the grating sensor under contin-
uous stress load and continuous signal excitation.
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3.2.1. Static Simulation Analysis

As shown in Figure 2, in the static simulation, one end of the sensor was fixed and
restrained and the other end was applied with a continuous load of 1 N-8 N. The direction
of the arrow is the direction of load application. The stress distribution cloud diagrams
of the four-loop shaped structure and the general two-loop shaped structure that were
obtained by the simulation calculation are shown in Figures 3 and 4.

Fixed Constraint

Figure 2. Structural simulation model. The highlighted region represents the fixed constraint. The
arrow is the direction of load application.

Surface: von Mises (N/m?)
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0.6

0.4

y 02

N

Figure 3. Stress contour plots of PLA-AE-FBGI1.

From Figures 3 and 4 and we can see that the strains of the two package structures
are mainly concentrated in the hollow area in the middle, which is the area where the
grating is located. A continuous load of 1 N-8 N was applied to these two structures, and
the maximum strain that was generated on the sensing segment of package structure was
recorded. The maximum strain indicates the response sensitivity of the FBG AE sensor.
The data is shown in Table 1.
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Figure 4. Stress contour plots of PLA-AE-FBG2.

Table 1. Strain response data of PLA-AE-FBGI1 and PLA-AE-FBG 2 under continuous load.

LOAD PLA-AE-FBGI1 (u¢) PLA-AE-FBG2 (u¢)
1N 3.55957 4.85116
2N 7.11914 9.70231
3N 10.6787 14.5535
4N 14.2383 19.4046
5N 17.7979 24.2558
6N 21.3574 29.1069
7N 24917 33.9581
8N 28.4766 40.8093
Fitting curve slope 4.244768 3.114692
The fitting results of the strain response data curves of PLA-AE-FBG1 and PLA-AE-

FBG2 are shown in Figure 5.

Strain (ps)

40 4
35 4
30 A

25 4

—=— PLA-AE-FBG1 38.8093
—e— PLA-AE-FBG2 33.958
|PLA-AE-FBG2:

1 19.404 24,917
201 21.3574
15 17.7979
0] 9.7023 14,2383
10.6787
5 1831l 7.11914 PLA-AE-FBGL:
0 3.55057 . v=3:5595I7x - 6{.4285{7x10'l5

0 1 2 3 4 5 6 7 8 9

Load (N)

Figure 5. Stress response curves of different structures under the continuous load.

In

Figure 5, the slopes of the curves are 4.85116 e /N and 3.55957 pe /N and the results

show that the sensitivity of the four-loop shaped structure of FBG sensor is 1.36 times higher
than that of the FBG sensor of two-loop shaped structure. The curves of the two structures
have good linearity.



Sensors 2022, 22,416

7 of 17

3.2.2. Design of Structural Parameters

We researched the parameters of the sensitization structure by performing simulations.
In Figure 6, the dimensions of a, b, and c are used as design parameter. During simulation,
one of them is selected as the objective of simulation and increases while the other two
values are fixed. This is to make changes to obtain the simulated strain data. We also
considered the actual processing conditions and obtained appropriate parameters through
data analysis. The relationship between the parameters of a, b, and c and the sensitivity of
the sensor was then obtained by analyzing the strain vs. load curve in detail.

Figure 6. Parameters of the strain amplification area of the sensor package.

This paper uses the four-loop shaped structure model in Figure 1b as the simulation
object. First, b and c are fixed as b = 3 mm, ¢ = 4 mm, and parameter is set a to 1 mm,
1.5 mm, and 2 mm. One end of the sensor structure is set as a fixed constraint, and the
other end is applied load. With a continuous load of 1-8 N being applied, the change curve
of strain is shown in Figure 7; secondly, parameter b is set to 3 mm, 5 mm, and 8 mm, a and
c are fixed to a = 2 mm, ¢ = 4 mm, and the above process is repeated to obtain the change
trend curve as shown in Figure 7b; finally, a and c are fixed a = 2 mm, ¢ = 3 mm, parameter
c is set with values of 4 mm, 5 mm, and 6 mm, and the above process is repeated to obtain
the strain trend curve as shown in Figure 7.

The simulation data are shown in Table 2.

Table 2. The data of parameters a, b and c under different loads.

Parameter | {_1N Load=2N Load=3N Load=4N Load=5N Load=6N Load=7N Load=gN TitingCurve

(mm) Slope

1 497545 9.95091 14.9264 19.9018 24.8773 29.8527 348282 39.8036 497545

a 15 61894 12.3788 18,5682 247576 30947 37.1364 433258 495152 6.1894

2 8.9286 17.8573 26.786 35.7147 444634 53.572 625007 71.4294 8.92654

3 8.262 16,5239 24.7859 33.0479 413099 495718 57.8338 66.0958 8.26197

b 5 6.7561 135121 202682 27.0243 33.7804 405364 47.2925 540486 6.75607
8 5.522 11.044 16.566 22088 27.61 33132 38.654 44176 5.522

4 8.9286 17.8573 26.786 357147 444634 53572 625007 71.4294 8.92654

c 5 6.6123 13.2246 19.8368 26.4491 33.0614 39.6737 462839 52.8982 6.61215

6 5.4434 10.8867 16,3301 217735 272168 32.8602 381036 435469 5.45051

The data of the experimental results are fitted so that when the parameter a takes
different values, the sensitivity is 4.98 pue/N, 6.19 pue/N, and 8.93 pe /N. From Figure 7a it
is shown that the sensitivity increases along with the increase of parameter a, and the more
obvious the influence on the sensitivity. When the value of parameter b is different, the
corresponding slopes are 8.26 pe /N, 6.76 e /N, and 5.52 pe /N. From Figure 7b it is shown
that the smaller the parameter b is 3 mm, the higher the sensitivity is 4 mm. When the value
of parameter c is different, the smaller the parameter at c, the greater the sensitivity, and the
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sensitivities obtained are 8.93 ue/N, 6.61 pe/N, and 5.45 pe /N, respectively. Therefore, to
consider the packaging size of the fiber grating and the relationship between the sensitivity
and the packaging parameters, the parameters of the enhanced sensitivity packaging such
as a, b, and ¢ have been chosen as 2 mm, 3 mm, and 4 mm, and achieve the optimal
sensitivity enhancement effect for the packaging structure of FBG sensor.

80 -
—®— parameter a = 1 mm
70{ |—*— parameter a = 1.5 mm
—A— parameter a = 2 mm /
60 -
parameter a = 2 mm : /
g 501 y1=8.92654x — 0.01291 /
£ 404
e
& 304 yd
20 / parameter a = 1.5 mm:
y2=6.1894x — 3.55271x10®
10 parameter a = 1 mm :
0 y3=4.97545x +1.46429x10°°
T T T T T T T T 1
0 1 2 3 4 5 6 7 8 9
Load (N)
(a)
704 |~ parameter b = 3 mm
—¢— parameter b = 5 mm
60+ |—+— parameter b = 8 mm
50 ] Pparameter b=3mm:
B 1=8.26197x — 7.14286x10;%
£l y
£ 404 e
@
= -~
» 304
_~parameter b = 5 mm :
204 "~ y2=6.75607x — 5.2865x10"®
10 4 parameter b = 8 mm :
y3=5.522x — 0.001021
0 T T T T T T T T 1
0 1 2 3 4 5 6 7 8 9
Load (N)
(b)
80+
—®— parameter ¢ = 4 mm
704 |—*— parameter ¢ = 5 mm
—*— parameter ¢ = 6 mm
601 parameter ¢ = 4 mm :
£ 50l y1=8.92654x —0.01291
c
& 401
a
30
204 /parameter c=5mm:
y2=6.61215x — 3.14286x10*
10+ parameter ¢ = 6 mm :
y3=5.45051x — 0.00713
0 T T T T T T T T 1
0 1 2 3 4 5 6 7 8 9
Load (N)
()

Figure 7. Influence curve of the different parameters in the amplification area. (a) Influence of
parameter ‘a’ to strain; (b) influence of parameter ‘b’ to strain; (c) influence of parameter ‘c’ to strain.
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3.2.3. Dynamic Excitation Simulation Analysis

The package structures of PLA-AE-FBG1 and PLA-AE-FBG2 were researched in the
simulation experiment of dynamic excitation. The simulation of dynamic excitation is
shown in Figure 8. The rectangular plate with a size of 20 mm x 70 mm x 2 mm is placed
under the package model. The material is set to aluminum. One end of the aluminum plate
is set as the excitation input end in the direction of the left arrow in Figure 8. A perfect
matching layer is set around the aluminum plate to prevent interface reflections. The wave
and the excitation signal are mixed together to produce errors.

o Fiber grating

e

A

2 stimulation
Figure 8. Dynamic excitation loading diagram. The highlighted region represents the stimulation
and fiber grating.

The excitation source is a sinusoidal signal; the frequency is set to 150 kHz; the
specified displacement amplitude is set to 0.1 mm, 0.5 mm, 1.0 mm, 1.2 mm, and 1.5 mm;
and the excitation time is set to 0.1 ms. The displacement of the grating sensing section was
studied, and the global point diagram of the grating sensing part with different excitation
amplitudes is calculated by simulation where the time of the response data is 0.1 ms.
Figure 8 shows the displacement changes of the grating sensing part. The transient state
of the grating section was obtained by simulation. The spectrogram was obtained by
performing the spectrum analysis on the simulation of the response curve. It can be clearly
seen from Figure 9 that the main peak in the frequency spectrum is at 150 kHz, which is the
same as the frequency of the excitation source.

(150000, -47.57192)

-89

-92

Intensity (db»

115 ”\”WWM

-138

] 1,100,000 ‘ 2,200,000 ‘ 3,300,000 4,400,000 5,500,000
Frequency (Hz)

Figure 9. Spectrum of the simulated dynamic response signal.
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The peak-peak values of the dynamic response curve as the response data are shown
in Table 3.

Table 3. The response data of PLA-AE-FBG sensor under different excitation signals.

Sensor Vpp =0.1 mm Vpp =0.5 mm Vpp =1.0 mm Vpp=12mm Vpp =1.5mm
PLA-AE-FBG1 0.01559 0.08522 0.17445 0.24694 0.30226
PLA-AE-FBG2 0.01608 0.12547 0.25947 0.323 0.4561

The plotting curves of the experimental data under different excitation displacement
are shown in Figure 10 for the module structure of PLA-AE-FBG1 and PLA-AE-FBG2.
[—— Excitation = 0.1 mm
|—— Excitation = 0.5 mm
0304203 — Excitation = 0 Amm 031~ (0.27994) e —— Excifation = 1.0 mm
£ : Excitation = 0.5mm £03 [ Excitation = 1.2 mm
0.251 §O ? B —— Excitation = 1.0mm §D 2 - (0.21952) Excitation = 1.5 mm
goxn]ir \ — e = 025, . va7567)
£ Eoo o y=020711x-0.01322)g 1767 TN xcitation = 1.5mm E %M Cosos00cn 2545 (0 09
o 0154 LD Sugmqat\unamom) 15 [0.1389) @ < 0o 0.5 1.0 15
5 10758) E 014 Simulation(mm) (0,01
£ 0104 i =4
g |l AN
- |
9 0.05 g olido @ 0.0+ .gﬁi\wﬂ-?,-\ﬁﬂ N i el
S 000 A A : AU / 5 ¥ \A { qo4
8T VWU okl - o
£ 005 V ! I\J ; & o4 83
; Nolnoads)
-0.10- | {-0.10804) -0 17819)
1 0.12585)
-0.15 T T T T r 02 T T T T T
0.00 0.02 0.04 0.06 0.08 0.10 000 002 004 006 008 010
Time (ms) Tims (ms)
(@) (b)

Figure 10. The response curve under different excitation signals. (a) PLA-AE-FBG1 structural
response curve; (b) PLA-AE-FBG2 structural response curve.

It can be seen from Figure 10 that the standard signals under different excitations
were detected by PLA-AE-FBG1 and PLA-AE-FBG2. The two sensors have good response
consistency. The fitting curve equation 5 is obtained from the data in Table 3.

y1 = 0.20711x — 0.01322 5)
Y2 = 0.30404x — 0.02545

In the above formula, it is demonstrated that the response sensitivity of the two FBG
sensors are 0.20711 and 0.30404, respectively. The results show that the FBG acoustic
emission sensors have good sensing properties and follow the excitation signal curve.
The dynamic response sensitivity coefficient of PLA-AE-FBG2 is 1.47 times higher than
that of PLA-AE-FBG1. Through the simulation analysis of the FBG sensor’s sensitivity-
enhancing structure, the four-loop shaped structure of the FBG AE sensor has good dynamic
response characteristics.

3.3. Sensor Manufacture

An additive manufacturing method and FBG sensing technology were combined to
fabricate a small size sensor which has advantages of high precision, high repeatability,
rapid production, and low cost. It has been gradually used in the field of optical fiber sens-
ing. Currently, the printing materials of commercially non-metallic include polylactic acid
(PLA), nylon, and acrylonitrile butadiene styrene (ABS), etc. By comparing references [1,2],
PLA was finally selected as the printing material. Among them, PLA has good thermal
stability, excellent strength and ductility, and good corrosion resistance. Therefore, PLA
was used as the packaging material of FBG in this paper. According to the ASTM D6272
standard for bending experiments, and it was shown that PLA has higher rigidity than
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ABS [35]. The parameters of the 3D printing process should be adjusted, such as setting the
extrusion temperature and the printing speed to 220 °C and 30 nm/s, respectively [32].
Through the simulation result, the sensor package structure was determined: the
number of loop-shapes is 4, the values of a, b, and c are 2 mm, 3 mm, and 4 mm, respectively.
Under the load of 8 N, the sensor thickness is 1.5 mm, 2 mm, 2.5 mm, and 3 mm, respectively.
The response strain variation curve is shown in Figure 11 through simulation analyzing.

704
71.39Q8 —s—Load=8N

60
w
=
[ =
T 50
7]

40

36.6767
20 \.
7 31.6784

14 16 18 20 22 24 26 28 3.0 32
Package thickness (mm)

Figure 11. Strain curve diagram of the sensor packaging thickness.

According to the analysis of the results, the sensitivities of the different structural
model thicknesses are 71.3966 ue /N, 50.016 pe /N, 36.6767 e /N, and 31.6784 pe /N, demon-
strating that the larger the sensor package thickness, the lower the strain sensitivity. Accord-
ing to the experimental results, the final thickness parameter of the FBG acoustic emission
sensor is set to 1.5 mm, and the thickness of the adhesive base of the package structure is
0.5 mm.

In the experiment, the FBG grating is produced by Shandong Shenghai Optical Tech-
nology. The length of grating area is 10 mm, the reflectivity is 93.27%, the 3 dB bandwidth
is 0.24, the central wavelength is 1553.054 nm, and the fixing point of the fiber grating is
encapsulated and fixed with epoxy resin glue. The center wavelength of the fiber grating is
1552.880 nm before encapsulation. After curing the epoxy resin for 24 h, the center wave-
length after encapsulation becomes 1552.960 nm due to the pre-stress that is introduced
during the encapsulation process. The photograph of the AM-packaged FBG AE sensor is
shown in Figure 12.

FBG Fixed Adhesive Node

Figure 12. Picture of PLA-AE-FBG2 sensor.

4. Experiments and Discussion

According to the FBG sensing principle, we built the FBG acoustic emission wave
sensing system based on the FBG AE detection test combining the actual requirements of
AE wave detection on the aluminum plate. In this setup, the experimental setup for AE
wave using FBG AE sensor is shown in Figure 13, which consists of the fiber grating AE
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demodulation system and an FBG AE sensor. The tunable narrowband light penetrates the
optical circulator and enters the FBG AE sensor. The reflected light of FBG AE sensor that
contains the AE wave signal enters the high-speed photodetector and is converted into the
electrical signal, which finally reached the oscilloscope and is displayed by the oscilloscope.

To verify the performance of the four-loop shape carvings of the FBG AE sensor,
the acoustic wave was generated by pencil lead break and continuous PZT sine pulse
respectively in this experiment.

Laser Source

1 - R

Waveform Generator

) Circulator
Elastic wave

Oscilloscope

L}

FBG Sensor

Figure 13. Schematic diagram of AE detection system.

During measuring, the narrowband tunable light source uses Santec TLS-550, the
output power is set to 5 mW, and the output wavelength was set to 1552.800 nm (we chose
the 20-80% linear segment of the left front of the center wavelength), so that it is at the left
edge of the sensor grating spectrum 3 dB bandwidth. The photodetector uses Newport
2053, and the digital oscilloscope uses Keysight DXO-X3024. The aluminum plate thickness
was 15 mm for the test. The arbitrary function generator was used to drive the AE probe
for generating the continuous AE simulation signal, thereby generating stress waves in the
aluminum plate. By adjusting the light source output to 3 dB of the fiber grating, it could
ensure that the grating works in the linear region and achieves the maximum sensitivity.
We attempted to keep the laboratory temperature constant at 20 °C during the test.

4.1. Experiment Study on Pencil Lead Break Signal Response

In the experiment, bonding the PZT AE sensor, the PLA-AE-FBG sensor is fixed on
the aluminum plate with x-ethyl cyanoacrylate. The pencil lead break signal is used as
the standard AE signal source. The PZT AE sensor (RS54a) and PLA-FBG-AE sensor are
collected on the oscilloscope at the same time. The collected data are shown in Figure 14.

Figure 14 presents the response signal of the PLA-AE-FBG2 sensor, AE-PZT sensor
and PLA-AE-FBG1 sensor from top to bottom. The experimental results show that the
peak-peak values of PLA-AE-FBG1 and PLA-AE-FBG2 are Vpp = 548 mv and Vpp = 806 mv,
respectively, indicating that the sensitivity coefficient of PLA-AE-FBG2 is 1.47 times higher
than that of PLA-AE-FBGI, and that of AE-PZT has a peak-peak value Vpp =1112.9 mv,
which is higher than the FBG AE sensor. Good consistency was achieved among the three
sensors for the pencil lead break signal. It shows that both the PLA-AE-FBG sensor and the
AE-PZT sensor have good AE sensing characteristics about the application of AE detection.
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Figure 14. Amplitude-time curves.

4.2. Experiment Study on Continuous Signal Response

Figure 15 shows how the sensors are laid on the aluminum plate. The PZT AE probe
(R15a) is excited by a signal generator, which is as the standard continuous AE signal to
measure the stability of the FBG AE sensor.

Figure 15. Experimental diagram of continuous AE signal detection.

We attached the PLA-AE-FBG2 and PLA_AE-FBG1 sensor on the aluminum plate
with dimensions of 1000 mm x 1000 mm x 15 mm and placed the RS54a (AE-PZT) next to
the R15a. The distance between the sensors and AE source was 5 cm. The output frequency
of the function generator was set to 150 kHz, the Vpp isset to20V,15V,10V,and 5V,
respectively. The continuous AE signal was emitted by the R15a, which propagated in the
aluminum plate, and then reached the PLA-AE-FBG sensor and the AE-PZT sensor. The
output power of the narrowband laser light source was set to 5 mW, the center wavelength
was set to 1552.8 nm which was at the full width half maximum (FWHM) of the reflection
spectrum. The adjusted laser signal passes through the circulator to enter the PLA-AE-
FBG sensor, the reflected light of the FBG sensor is converted into an electrical signal by a
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photodetector (Newport 2053). The bandpass filter that was embedded in the photodetector
was set to 100 kHz-300 kHz, the electrical signal can effectively filter out the interference of
other frequency bands after passing through the bandpass filter signal. The output electrical
signals of the PZT AE sensor and FBG AE sensor were directly connected to the oscilloscope
for real-time measurement, display, and storage. The small spectral shifts that were caused
by high frequency AE waves could be converted to light intensity variations. Therefore,
the high sensitivity of AE sensor is realized for this sensing system. The spectrum curve
is acquired from performing spectrum analysis on the data that were collected from the
oscilloscope, as shown in Figure 16.

34/
__(150.02)

Amplitude(db)
b Bl

/

0 920 @?gquencyz(lﬂ)z) 3680 4600

Figure 16. Amplitude-frequency curves.

The experimental main response frequency of the spectrum is 150.02 kHz, which
agrees very well with the excitation sinusoidal signal. The results demonstrate that the
designed sensitization structure of the FBG AE sensor can respond well to the AE signal.

During the experiment, the frequency of the function generator signal is kept un-
changed at 150 kHz, and the amplitude of the signal excitation is set to 20 V, 15V, 10V,
and 5 V to generate continuous AE signals. Under different signal amplitude excitation
conditions, the response curves of the PLA-AE-FBG sensors and the AE-PZT are as follows
as shown in Figure 17.

The analysis of the experimental results shows that under different excitations, the
PLA-AE-FBG1 and PLA-AE-FBG2 sensors can respond correctly to the excitation signal as
well as the PZT AE sensor and has good stability. The response data fitting of the PLA-AE-
FBG1 and PLA-AE-FBG2 are performed on the peak-peak value, when the peak-peak value
of the excitation signal is raised from Vpp =5 V to Vpp =20 V. The experiment process was
repeated two times. The corresponding data were used to conduct fitting curves as shown
in the Figure 18.

As shown in Figure 18, when the excitation signal value is raised from 5 V to 20 V, the
fitting curve is basically the same. From the fitting results, the sensitivity coefficient of PLA-
AE-FBG2 sensor is 3.057, and that of PLA-AE-FBG1 is 2.0702. The sensitivity coefficient
of PLA-AE-FBG2 is 1.475 times that of PLA-AE-FBG1, which is basically consistent with
the simulation. When the Vpp is different, the signal that is detected by the PLA-AE-FBG
sensor has good linearity and repeatability, which can effectively ensure the stability of the
FBG sensor.
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Figure 17. The comparison of the FBG AE sensor and the PZT AE sensor under different amplitude
excitations (a) The peak-peak value of the excitation signal is Vpp = 20 V; (b) The peak-peak value of
the excitation signal is Vpp = 15 V; (c¢) The peak-tpeak value of the excitation signal is Vpp =10 V;
(d) The peak-peak value of the excitation signal Vpp =5 V.
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of PLA-AE-FBG2.
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5. Conclusions and Future Study

In this paper, a four-loop shaped carving structure of an FBG AE sensor packaging is
proposed. The effect of the structure parameters of the FBG AE sensors on the sensitivity is
studied by using finite element simulation analysis. The main parameters of the enhanced
sensitivity structure are a =2 mm, b = 3 mm, and ¢ = 4 mm, and the number of loop-shape
carvings is four. In the FBG AE sensor response experiment, the results demonstrate that
the designed sensitization structure of the FBG AE sensor can respond well to the pencil
lead break and the continuous sine signal. It is verified that the PLA-AE-FBG2 sensor is
compatible with the PZT AE sensor, and has good acoustic emission sensing characteristics,
which can realize the detection of AE signals. The study shows that the designed the four-
loop shaped structure of the FBG AE sensor effectively improves the sensitivity of the FBG
sensor, and the sensitivity factor is increased by 1.47 times. The four-loop shaped structure
has the sensitive sensing characteristics, good linearity, and stability of the AE signal, as
well as a higher rigidity which enhances the application reliability and application range. It
is possible to apply the FBG AE sensor in some complex engineering environments.

Future studies need to be conducted on the miniaturization of the FBG AE sensor and
the distributed sensor network to improve the rate of identification and positional accuracy
of acoustic emission sources. To solve the application problem of on-line acoustic emission
detection of composite materials and aero-engine blade defects, a high temperature resis-
tance of FBG-AE sensor should be designed to identify blade defects and predict the life
of blade.

Author Contributions: Conceptualization, B.L. and Y.Y.; methodology, B.L.; data curation, B.L. and
E.X.; writing—original draft preparation, B.L.; writing—review and editing, B.L. and Y.Y.; supervision,
Y.Y,; project administration, Y.Y. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The study did not report any data.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Shen, G.T. Acoustic Emission Technology and Application, 1st ed.; Science Press: Beijing, China, 2015; pp. 1-5.

2. Nair, A.; Cai, C.S.; Kong, X. Using Acoustic Emission to Monitor Failure Modes in CFRP-Strengthened Concrete Structures.
J. Aerosp. Eng. 2020, 33, 04019110. [CrossRef]

3. Shen, J.; Zeng, X.; Luo, Y.; Cao, C.; Wang, T. Research on Strain Measurements of Core Positions for the Chinese Space Station.
Sensors 2018, 18, 1834. [CrossRef]

4. Wen, Q.; Zhu, J.; Guinian, L.I.; Huang, J.; Chao, Y. The Experimental Study and Structural Design of Fiber Grating Pressure Sensor
for Pressure Sensitivity Enhancement. . Wuhan Univ. (Nat. Sci. Ed.) 2012, 58, 411-414.

5. Chan, T; Yu, L; Tam, H.Y,; Ni, Y.-Q.; Liu, S.; Chung, W.; Cheng, L. Fiber Bragg grating sensors for structural health monitoring of
Tsing Ma bridge: Background and experimental observation. Eng. Struct. 2006, 28, 648—659. [CrossRef]

6. Innes, M.; Davis, C.; Rosalie, C.; Norman, P.; Rajic, N. Acoustic Emission Detection and Characterisation Using Networked FBG
Sensors. Procedia Eng. 2017, 188, 440-447. [CrossRef]

7. Bai, X,; Hu, M.; Gang, T.; Tian, Q. An ultrasonic sensor composed of a fiber Bragg grating with an air bubble for underwater
object detection. Opt. Laser Technol. 2019, 112, 467-472. [CrossRef]

8.  Jinachandran, S.; Rajan, G. Fibre Bragg Grating Based Acoustic Emission Measurement System for Structural Health Monitoring
Applications. Materials 2021, 14, 897. [CrossRef] [PubMed]

9.  Joseph, R.; Giurgiutiu, V. Analytical and Experimental Study of Fatigue-Crack-Growth AE Signals in Thin Sheet Metals. Sensors
2020, 20, 5835. [CrossRef] [PubMed]

10.  Zhu, P; Wu, J.; Huang, M.; Wang, Y.; Liu, P; Soto, M.A. Reducing Residual Strain in Fiber Bragg Grating Temperature Sensors
Embedded in Carbon Fiber Reinforced Polymers. J. Light. Technol. 2019, 37, 4650-4656. [CrossRef]

11.  Jun, H.; Zhi, Z.; Hui, D.-]. Design Of Coefficient-adjustable FBG strain sensors. Opt. Precis. Eng. 2010, 18, 2339-2346. [CrossRef]


http://doi.org/10.1061/(ASCE)AS.1943-5525.0001106
http://doi.org/10.3390/s18061834
http://doi.org/10.1016/j.engstruct.2005.09.018
http://doi.org/10.1016/j.proeng.2017.04.506
http://doi.org/10.1016/j.optlastec.2018.11.027
http://doi.org/10.3390/ma14040897
http://www.ncbi.nlm.nih.gov/pubmed/33668556
http://doi.org/10.3390/s20205835
http://www.ncbi.nlm.nih.gov/pubmed/33076412
http://doi.org/10.1109/JLT.2019.2915622
http://doi.org/10.1364/OFS.2006.TuE88

Sensors 2022, 22, 416 17 of 17

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Yan, W.; Ma, S.; Wang, H.; Zhang, X. Fiber Bragg grating online packaging technology based on 3D printing. Opt. Laser Technol.
2020, 131, 106443. [CrossRef]

Bortolotti, F.; Sousa, K.M.; da Silva, ].C.C.; Kalinowski, H.J. Packaging, characterization and calibration of fiber Bragg grating
temperature sensors. Signal 2012, 5, 6. [CrossRef]

Giurgiutiu, V. SHM of Fatigue Degradation and Other In-Service Damage of Aerospace Composites. In Structural Health
Monitoring of Aerospace Composites, 1st ed.; Giurgiutiu, V., Ed.; Elsevier: Amsterdam, The Netherlands, 2016; pp. 395-434.

Chen, R.; He, W.; Xie, H.; Liu, S. Monitoring the strain and stress in FDM printed lamellae by using Fiber Bragg Grating sensors.
Polym. Test. 2020, 93, 106944. [CrossRef]

Liu, Z.; Zhang, X,; Jiang, ].; Liu, K.; Wang, S.; Yang, B.; Liu, T. Stabilization of high sensitivity optical fiber AE sensing for long-term
detection. Opt. Fiber Technol. 2020, 61, 102391. [CrossRef]

Fu, T.; Wei, P,; Han, X,; Liu, Q. Application of Fiber Bragg Grating Acoustic Emission Sensors in Thin Polymer-Bonded Explosives.
Sensors 2018, 18, 3778. [CrossRef]

Manterola, J.; Aguirre, M.; Zurbitu, J.; Renart, J.; Turon, A.; Urresti, I. Using acoustic emissions (AE) to monitor mode I crack
growth in bonded joints. Eng. Fract. Mech. 2020, 224, 106778. [CrossRef]

Leitao, C.; Antunes, P; Pinto, J.; Bastos, ].M.; André, P. Optical fiber sensors for central arterial pressure monitoring. Opt. Quantum
Electron. 2016, 48, 218. [CrossRef]

Leal-Junior, A.G.; Theodosiou, A.; Diaz, C.R.; Marques, C.; Pontes, M.].; Kalli, K.; Frizera, A. Simultaneous Measurement of Axial
Strain, Bending and Torsion With a Single Fiber Bragg Grating in CYTOP Fiber. ]. Light. Technol. 2019, 37, 971-980. [CrossRef]
Kumar, J.; Mahakud, R.; Kumar, S.; Saini, PK.; Prakash, O.; Dixit, S.K.; Nakhe, S.V. Analysis and experiment on simultaneous
measurement of strain and temperature by etched and un-etched FBG pair. Results Opt. 2021, 5, 100135. [CrossRef]

Kuang, Y.; Guo, Y.; Xiong, L.; Liu, W. Packaging and Temperature Compensation of Fiber Bragg Grating for Strain Sensing: A
Survey. Photonic Sens. 2018, 8, 320-331. [CrossRef]

Manzo, N.R;; Callado, G.T.; Cordeiro, C.M.; Vieira, L.C.M.,, Jr. Embedding optical Fiber Bragg Grating (FBG) sensors in 3D printed
casings. Opt. Fiber Technol. 2019, 53, 102015. [CrossRef]

Shen, W.; Wang, X.; Xu, L.; Zhao, Y. Strain transferring mechanism analysis of the substrate-bonded FBG sensor. Optik 2018, 154,
441-452. [CrossRef]

Li, Y.; Wen, C.; Sun, Y.; Feng, Y.; Zhang, H. Capillary encapsulating of fiber Bragg grating and the associated sensing model. Opt.
Commun. 2014, 333, 92-98. [CrossRef]

Zhou, Z.; Wang, Z.; Shao, L. Fiber-Reinforced Polymer-Packaged Optical Fiber Bragg Grating Strain Sensors for Infrastructures
under Harsh Environment. J. Sens. 2016, 2016, 3953750. [CrossRef]

Yu, X;; Yu, Y;; Zhang, M,; Liao, Y.; Lai, S. Study on strain and temperature sensing characteristics of copper encapsulated fiber
Bragg grating sensor. Acta Photonica Sin. 2006, 35, 1325-1328.

Sun, L.; Sun, Q.; Ren, L.; Zhang, X.-L. A New Method for Underground Pipeline Corrosion Monitoring Applied FBG. Acta
Photonica Sin. 2012, 41, 6-10. [CrossRef]

Castro-Caicedo, A.; Torres, P.; Lain, R. Packaging and testing of fiber Bragg gratings for use as strain sensor in rock specimens. In
Proceedings of the 8th Iberoamerican Optics Meeting and 11th Latin American Meeting on Optics, Lasers, and Applications,
Porto, Portugal, 22-26 July 2013; Volume 8785, p. 87852R. [CrossRef]

Khorasani, M.; Ghasemi, A.; Rolfe, B.; Gibson, I. Additive manufacturing a powerful tool for the aerospace industry. Rapid
Prototyp. . 2021, 28, 87-100. [CrossRef]

Alvarez, A.G.; Evans, PL.; Dovgalski, L.; Goldsmith, I. Design, additive manufacture and clinical application of a patient-specific
titanium implant to anatomically reconstruct a large chest wall defect. Rapid Prototyp. J. 2021, 27, 304-310. [CrossRef]
Travieso-Rodriguez, J.; Jerez-Mesa, R.; Lluma, J.; Gomez-Gras, G.; Casadesus, O. Comparative study of the flexural properties
of ABS, PLA and a PLA-wood composite manufactured through fused filament fabrication. Rapid Prototyp. J. 2021, 27, 81-92.
[CrossRef]

Afonso, J.A.; Alves, ].L.; Caldas, G.; Gouveia, B.P,; Santana, L.; Belinha, J. Influence of 3D printing process parameters on the
mechanical properties and mass of PLA parts and predictive models. Rapid Prototyp. J. 2021, 27, 487-495. [CrossRef]

von Windheim, N.; Collinson, D.W.; Lau, T.; Brinson, L.C.; Gall, K. The influence of porosity, crystallinity and interlayer adhesion
on the tensile strength of 3D printed polylactic acid. Rapid Prototyp. J. 2021, 27, 1327-1336. [CrossRef]

Mishra, PK.; Ponnusamy, S.; Nallamilli, M.S.R. The influence of process parameters on the impact resistance of 3D printed PLA
specimens under water-absorption and heat-treated conditions. Rapid Prototyp. J. 2021, 27, 1108-1123. [CrossRef]


http://doi.org/10.1016/j.optlastec.2020.106443
http://doi.org/10.13140/2.1.1004.0327
http://doi.org/10.1016/j.polymertesting.2020.106944
http://doi.org/10.1016/j.yofte.2020.102391
http://doi.org/10.3390/s18113778
http://doi.org/10.1016/j.engfracmech.2019.106778
http://doi.org/10.1007/s11082-016-0494-1
http://doi.org/10.1109/JLT.2018.2884538
http://doi.org/10.1016/j.rio.2021.100135
http://doi.org/10.1007/s13320-018-0504-y
http://doi.org/10.1016/j.yofte.2019.102015
http://doi.org/10.1016/j.ijleo.2017.10.097
http://doi.org/10.1016/j.optcom.2014.07.068
http://doi.org/10.1155/2016/3953750
http://doi.org/10.3788/gzxb20124101.0006
http://doi.org/10.1117/12.2025678
http://doi.org/10.1108/RPJ-01-2021-0009
http://doi.org/10.1108/RPJ-08-2019-0208
http://doi.org/10.1108/RPJ-01-2020-0022
http://doi.org/10.1108/RPJ-03-2020-0043
http://doi.org/10.1108/RPJ-08-2020-0205
http://doi.org/10.1108/RPJ-02-2020-0037

	Introduction 
	Theoretical Analysis of FBG Sensing 
	Structural Design of FBG AE Sensor 
	Packaging Structure 
	Simulation Research on Sensitizated Structure 
	Static Simulation Analysis 
	Design of Structural Parameters 
	Dynamic Excitation Simulation Analysis 

	Sensor Manufacture 

	Experiments and Discussion 
	Experiment Study on Pencil Lead Break Signal Response 
	Experiment Study on Continuous Signal Response 

	Conclusions and Future Study 
	References

