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The ultrasonic (US) wave detection and an acoustic emission (AE) linear location system are proposed, which employ fiber Bragg
gratings (FBGs) as US wave sensors. In the theoretical analysis, the FBG sensor response to longitudinal US wave is investigated.
The result indicates that the FBG wavelength can be modulated as static case when the grating length is much shorter than US
wavelength. The experimental results of standard sinusoidal and spindle wave test agree well with the generated signal. Further
research using two FBGs for realizing linear location is also achieved. The maximum linear location error is obtained as less than
5 mm. FBG-based US wave sensor and AE linear location provide useful tools for specific requirements.
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Fiber Bragg grating (FBG) sensors have been indicated as the
ideal candidate for practical structural health monitoring!'.
Recently, high-frequency detection, including acoustic emis-
sion (AE) and ultrasonic (US) waves, is becoming an urgent
problem in health monitoring sensing domain?.. Perez et al®®!
demonstrated the feasibility of AE detection using FBGs, and
anomalous responses have been observed when the acoustic
wavelength is obviously higher than the grating length. Then
Fisher et al' found anomalous events by increasing the acous-
tic frequency while acoustic wavelength approached the grat-
ing length. The further research of Aldo Minardo et al®® pro-
vided the detailed information for actual influence of US per-
turbation on the shape and central wavelength of the grating
peak. Jung-Ryul Lee et al® designed an FBG AE sensor for
mechanical tests.

In this paper, the response of FBGs to longitudinal US
waves is theoretically analyzed first. FBG-based US sensors
and interrogation system with tunable fiber laser are designed
by using rational parameters configuration. The relevant stan-
dard sine wave and spindle wave tests are carried out, which
use an aluminum panel as the transmission medium and a
piezoelectric transmitter as the signal generator. And finally,
an AE linear location system and experiments are achieved.

The FBG response of US wave model is illustrated in

Fig.1. The FBG is fabricated by UV laser, and it is written
into the SMF-28 fiber with grating length of L. The FBG
wavelength under match condition is defined as
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Fig.1 Schematic diagram of the FBG longitudinal response

Moreover, when the FBG receives the US wave, the grat-
ing can be described by a modulation of the effective refrac-
tive index of the fundamental guided mode along the fiber
axis z:

R (2) = Nygpo — An sinz(i z), z€[0,L] , )

where n_ is the unperturbed effective refractive index, An is
the maximum change of the refractive index, and A is the
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grating period ®,

As shown in Fig.1, US wave travels along the fiber axis.
The strain field is modeled by a longitudinal strain propagat-
ing along the fiber axis. The time dependence is assumed to
be sinusoidal, and the US wave model can be expressed as

et)=¢, cos(i—nz -wt), 3
where for simplicity, € denotes the US displacement ampli-
tude normalized to the US wave number of 27/4, «, is its
angular frequency, and A is US wavelength.

The FBG, which is fixed on the substrate material, suffers
the interaction of geometric effect and elasto-optic effect un-
der US wave excitation. The FBG effective refractive index
modulation under the US wave can be rewritten as

3

My (2/,0) = Ngpg — An sin’ lfﬁl (0 - (_neffo )X
Ay 2

[Pa=V(R,+ Pl e, cos(ZE2-0,1) )
where P, are the stress-optic coefficients, and v is the Poisson’s
ratiol1%],

As can be see in Eq.(4), the effective refractive index
n’eff has a complex form due to nonuniform distribution of
strain along the grating length. However, when the US wave-
length A, is much greater than grating length L, Eq.(4) can be
simplified. Hence, for A /L >>1, a new Bragg grating de-
scription can be expressed as

3

W) =15y ~—52- [P, ~V(B, + P&, cos@0),  (5)

Ag(t) = Ay -[1+¢,, cos(w1)] . (6)
Combining FBG wavelength decision condition:

A (t) = Ay + AA, cos(wyt) , (7)

where A/ is the amplitude of the FBG wavelength modula-
tion induced by the US wave, it can be expressed as

2

A, = A’Bogm(l_ (ncgo

)[P12 _V(Pll +P12)] . (8)

For A /L >>1, the grating response in terms of a central wave-
length shift is the same as that in the static case!''l.

The designed FBG US sensing system is shown in Fig.2. A
reliable and sensitive approach, based on tunable piezoelec-
tric fiber laser interrogation and direct reflectometric demo-
dulation, is adopted. The acoustic signals are actively gener-
ated by a PZT transducer, via an arbitrary waveform generator.
The FBG sensor is glued to the aluminum panel (600 mm X
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150 mm X 2 mm) surface with epoxy. In the attaching process,
the FBG must be pre-strained to avoid dead-region of signal
detection. The PZT is coupled to the surface of the panel in
the FBG longitudinal direction. The tunable laser is connected
to the FBG via a circulator, which directs the signal from the
FBG to the photo-receivers. The isolator and the circulator
can prevent the reflected light of FBG filter and FBG sensor
from coming back to the light source. The output light power
from the circulator is transformed by the photodiode into the
electrical power which is processed by the computer. The la-
ser wavelength is tuned to the left mid-reflection wavelength
of the FBG to achieve ideal match demodulation!?. Thus, the
output power increases as the FBG sensor is elongated, while
decreases as the FBG sensor is compressed.
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Fig.2 Experimental setup for the FBG-based US sensing
system

The US propagation velocity in the aluminum plate is
5100 m/s. In experiments, the US frequency is set at 150
kHz. Thus we can induce that the US length is about 34 mm.
According to the condition of A/ L >>1, the used FBG is fab-
ricated by UV laser with the grating length of 5 mm (much
shorter than the US wavelength) and the center wavelength
of 1553.260 nm. And the reflection ratio is achieved to be
80%. In order to meet the requirement of interrogation system,
the wavelength of tunable fiber laser is set at 1553.160 nm.
And the output power is chosen as 10 mW. The standard
technique for US wave excitation has been used, including a
function generator, amplifier, and PZT actuator.

In this experiment, the waveform generator output is tuned
at 150 kHz sinusoidal wave, with amplitude of 80 dB, burst
of 10/ms, and rate of 100/pps. The PZT transducer is set at
the FBG sensor longitudinal direction, and the distance be-
tween them is 200 mm. In addition, vaseline is used between
the PZT transducer and the aluminum panel for increasing
the excitation signal coupling degree.

Fig.3(a) shows the FBG time domain response. The time
domain waveform agrees well with the set sinusoidal wave.
Non-distortion detection is achieved. The frequency spectrum
of the US wave detection can be constructed from taking the
fast Fourier transform (FFT) from the time domain transient
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response measured by the FBG US sensor, which is shown in
Fig.3(b). The indicated peak of 150 kHz in the spectrum cor-
responds to the set frequency of the waveform generator. And
the high signal-to-noise ratio (SNR) is obtained.
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Fig.3 Longitudinal sinusoidal wave detection results us-
ing the FBG sensor

In order to test the spindle wave response of the FBG US
sensor, the spindle pencil-lead breaking signal is simulated by
the waveform generator. The main frequency is also set at 150
kHz. The detection system configuration is the same as that of
the standard sinusoidal wave detection. Fig.4 shows the FBG
sensor time domain response and frequency spectrum of the
spindle wave, respectively. Whereas, as shown in Fig.4(b),
concomitant noise is exhibited, which is due to the coupling
degree between the PZT transducer and the aluminum panel,
according to the analysis between experimental data.
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Fig.4 Longitudinal spindle wave detection results using
the FBG sensor

In order to identify the AE location performance, the tran-
sient responses induced by the impact are measured by two
FBGs simultaneously. The designed system is shown in Fig.5.
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Fig.5 Experimental setup for the FBG-based AE location

sensing system

FBG1 and FBG2 are fabricated under the same condition.
The center wavelengths of them are 1553.260 nm and 1553.
250 nm, separately. The tunable fiber laser is also set at 1553.
160 nm to match the two FBG sensors. In order to perform the
simultaneous measurement of the two FBG sensors, a 1 X 2
coupler is used to divide the light beam from broadband source
into two paths. In Fig.6, the coordinate of AE location experi-
mental aluminum panel is established. Suppose the left and
under corner of the aluminum panel is the origin. This experi-
mental region is chosen on the line where the width position is
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Fig.6 Experimental configuration for AE linear location
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90 mm. The FBG1 and FBG2 are fixed at the points whose
longitudinal coordinates are 50 mm and 550 mm, respectively.

Figs.7(a) and (b) are the time domain responses of FBG1
and FBG2, respectively under pencil-lead breaking at posi-
tion 4. As we can see, the response signal is received earlier in
Fig.7(a) than Fig.7(b), because the pencil-lead breaking posi-
tion A4 is closer to FBG1 than FBG2. Fig.7(c) shows the 3-D
form of the FBG1 and FBG2 sensor detection. The difference
between the two sensors can be distinguished directly. Then
via data processing, the location point’s longitudinal value of
96.4 mm is obtained.
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Fig.7 FBG1 and FBG2 detection results under pencil-lead
breaking

In the following experiments, the pencil-lead breaking point
is set at B, C, D and E, respectively. That is to say, its longitudi-
nal coordinate value is 200 mm, 300 mm, 400 mm, and 500
mm, respectively. The experiment process is the same as that
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at the point 4. The analysis results after date processing are
shown in Tab.1. The maximum error is controlled in the range
of == 5 mm. The designed system provides a novel and high
precision technique for AE location.

Tab.1 AE linear location results

Pencil-lead FBG US
breaking point location system
A 100 mm 96.4 mm
B 200 mm 203.2 mm
C 300 mm 300.7 mm
D 400 mm 402.5 mm
E 500 mm 497.1 mm

In conclusion, the high-frequency dynamic responses of
FBGs subjected to US wave and AE linear location are
investigated. The interrogation scheme utilizing tunable narrow
laser is verified. And location error less than 5 mm is obtained
in the linear location tests. All the work is achieved based on the
theoretical analysis of FBG sensor response to longitudinal US
wave. In practice, AE surface and 3-D bulk location have exten-
sive application foreground. Therefore, further research will re-
gard the theoretical analysis of FBG to AE surface wave and
cubic emission. And the diagnosis interrogation system is also
prospected.
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