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Abstract—Lamb wave is widely acknowledged as one of the most encour-
aging tools for damage identification in plate structures, and relevant research
has been conducted intensively. However Lamb wave modes have different
wave structure, frequency dispersion and attenuation characteristics, which are
sensitivity to different types of damages and it is difficult to solve such engi-
neering problems by conventional techniques. Although the single pattern de-
tection method has been researched by piezoelectric wafers, there is little re-
search about FBG sensing detection under single-mode ultrasonic Lamb wave
technique currently. So this paper puts forward a single-mode Lamb wave tech-
nique for crack detection based on Fiber Bragg Grating sensor, which is used to
receive the waves in the plate. First of all, measuring principle of single-mode
ultrasonic Lamb technique and demodulation principle of the FBG sensor are
introduced. And simulation analysis in the acoustic field is devoted, whose re-
sults lay the foundation for the damage detection in the plate. Then, the experi-
mental system is built by a single-mode Lamb wave excitation, and the feasibil-
ity of fiber Bragg grating sensors in single-mode excitation method is verified
by experiments.

Keywords—Lamb Wave; Damage Detection; Fiber Bragg Grating(FBG)

1 Introduction

Ultrasonic Lamb wave technology is one of the active structural health monitoring
method, which is especially suitable for damage detection and health monitoring of
plate structure because of its advantages, such as low-cost, long-range inspection, and
testing inaccessible or fast scanning capabilities [1]. But ultrasonic guided wave
modes have different wave structure, frequency dispersion and attenuation character-
istics, which are sensitivity to different types of damages [2] [3]. So we should choose
the appropriate mode for damage detection. Recently, some scholars have studied the
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methods of the single mode Lamb wave. Su et al. arranged two sensors in the upper
and lower surfaces of the plate like structure, and obtained a relatively single mode
Lamb wave by enhancing a certain mode and weakening the other modes. They have
used this method to detect the delamination in the isotropic laminates[4]. Clarke et al.
studied a new type of piezoelectric sensor by adding the front liner matching layer
and the backing layer respectively in the front and back of a circular piezoelectric
chip to make the piezoelectric sensor capable of motivating a single modality at low
frequencies [5]. Now there are many studies on signal extraction, such as Wang etc.
obtained damage index of ultrasonic guided wave in each propagation path based on
correlation analysis and the defect imaging map represented by probability values,
and realized positioning and identification of artificial defects in the plate [6]. Most
damage detection and localization methods that have been proposed are based upon
comparing monitored signals to baselines recorded from the structure prior to initia-
tion of damage. Michaels proposed a two-step process whereby damage is first de-
tected and is then localized and characterized, taking into account any conditions
other than damage that have changed the ultrasonic signals [7]. Xiaole Liu presented a
new model with periodic potential to induce the adaptive model, by which the system
parameters were simultaneously optimized. In order to eliminate interference to ob-
tain more useful information, the signals were preprocessed by Hilbert transform and
High-pass filter before being input to the adaptive system and the improved signal-to-
noise ratio was set as the evaluation index [8]. Aldo Baccigalup investigated Huang
Hilbert Transform for evaluating the instantaneous frequency evolution in non-linear
systems by comparing the different traditional approaches. In order to evaluate its
performance, the proposed approach had been firstly applied to a synthesized signal
with known instantaneous amplitude and frequency evolution [9]. Irene Buj-Corral
studied acoustic emission by comparing two methods to treat the sound signal emitted
during the machining process: Fast Fourier Transform and Hilbert Huang Transform
[10]. But most of these methods are based on the piezoelectric film to motivate and
receive. The attempt of the fiber grating in the single mode scheme is still rare.

Therefore, this paper aims to present an FBG sensing system based on a single-
mode ultrasonic Lamb wave technique for the board plates. And the key contribution
is that the single-mode ultrasonic Lamb wave technique-FBG sensing system is given.
It can establish a detection method by combining the advantages of fiber grating sens-
ing with ultrasonic Lamb wave technique. This paper is structured as follows. Section
2 reviews measuring principle of single-mode ultrasonic Lamb technique and demod-
ulation principle of the FBG is given. Section 3 is devoted to simulation analysis in
the acoustic field of the plate at different time or on different points, whose results lay
the foundation for the damage detection in section 4. On this basis, the experimental
system is built and the responses under the single-mode excitation are carried out, and
the feasibility of fiber Bragg grating sensors in single-mode excitation method is
verified by experiments. Section 5 summarizes the full text.
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2 Excitation and reception principle

2.1  Excitation principle of Lamb wave

Lamb wave on the plate structure has many modal characteristics, containing at
least two kinds, namely basic symmetric mode and basic antisymmetric mode. It can
be seen from the figure 1, multimodal form will produce if the frequency is above the
first order modal cutoff frequency, and affect the detection accuracy of lamb wave. So
according to the dispersion property, we need select the reasonable incentive parame-
ters and sensing element to reduce the modes, and improve detection accuracy of the
lamb wave. The dispersion curves associated with the propagation of Lamb waves in
the organic glass having the same mechanical and geometric properties of the test
samples used in this study are presented in Fig. 1, in which the modes SO and A0 at
0.5MHzmm are highlighted by blue curve and red curve respectively.

Phase velocity Cp(km/s)
Group velocity (km/s)

0 05 1 15 2 25 0% 05 1 15 2 25
Frequency-thick product fd(MHz.mm) Frequency-thick product fd(MHz.mm)

a b

Fig. 1. Dispersion curves of the organic glass plate
a-phase velocity; b-group velocity

Elastic waves that propagate between two parallel surfaces of thin solid plates
with free boundary are known as Lamb waves or guided waves. Lamb waves propa-
gate both as symmetric and anti-symmetric modes, and the number of these modes
depends on the product of the excitation frequency and the plate thickness. In order
to further study the interaction mechanism of various defects in Lamb wave and
structure, we can achieve a single mode of double excitation. The following is a dual
excitation method for the realization of the piezoelectric chip, the two piezoelectric
chips with the same performance are arranged on the upper and lower surfaces of the
plate. When the voltage signals with the same amplitude and phase are applied, the
single SO mode can be excited. While the voltage signal with the opposite phase of
the same amplitude is applied, a single A0 mode can be obtained. Figure 2 shows the
piezoelectric wafer - plate system, whose middle surface is the middle surface of the
plate. That is to say, the vibration of the particle in the plate is caused by double pie-
zoelectric wafers after electric energy and mechanical energy conversion on the full
symmetry. The stress and strain of the particles are also about the symmetry of the
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surface. The stress of each particle such as is shown in the formula (1) and the formu-
la (2)[8] .
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Fig. 2. Excitation principle diagram of double piezoelectric wafers
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Where O s O are the stress of the plate and PZT ; E, , E, are the elastic modu-

lus of the plate and PZT respectively V2 is Poisson's ratio. And the strain between
the plate and the PZT produced by excitation signal is obtained as followed.

d, 3

When the voltages are applied on the upper and lower of two piezoelectric chips
to make simultaneous radial vibration, which can produce symmetric fluctuations by
driving the particles on the plate. In this way, the Lamb mode SO wave is generated.
On the contrary, when the voltage is applied to make simultaneous reverse vibration,
which can produce symmetric fluctuations in the opposition , and the Lamb mode
A0 wave is obtained.

2.2  Demodulation of the reception principle

Sensing principle of FBG is based on the Bragg wavelength reflection or transmis-
sion spectrum detection. In general, the speed range of fiber Bragg grating demodula-
tion devices is 1kHz-4kHz, which do not enough to satisfy the high demodulation
speed for ultrasonic signals. So the fiber grating demodulation system need adopt new
demodulation methods. The following demodulation system is one of these methods
which can satisfy this condition, as shown in figure 2. The wavelength demodulation
system for the FBG sensor is composed of a wavelength tunable laser, an optical
coupler and a photodetector. The tunable laser as a light source inspires a beam of
light to the FBG through an optical coupler. Then the reflected light from the FBG
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propagates to the photodetector through the coupler. If the central wavelength of the
laser beam is tuned to be a little shorter than that of the FBG at free strain, the power
relationship between laser and FBG is shown in figure 3[8][9].

Photodetector Optical coupler

Tunable laser

Wavelength

Fig. 3. The demodulation principle of FBG sensor

The optical intensity received by the photodetector is given as following:
P=M,[ R(DSA)dA "

is the reflectivity function of the FBG, S(A) is the spectrum
M

where R (A)

function of the laser source, 1 is the efficiency for light energy utilization, which
can be regarded as constant if no energy loss. The reflection spectrum of the FBG
sensor can be modeled as a Gaussian type to simplify the analysis according to the
related model .And the laser beam can also be modeled as Gaussian Beam. So the
optical power of photodetector can be derived as following:

P= ‘R I‘/ { Ay Al —xexp[-4In2 (j AS)A 1}
+AA, )2 AA; +A

(%)
where Ry is the maximum reflectivity, A'S is the center wavelength of the
FBG, AA'S ,Mois its spectral full width at half maximum. 1y is the peak power,

0 is the center wavelength of the laser beam. Therefore, the optical power of photo-
detector can be obtained according to Eq. 5. The optical power has the maximum if
the center wavelength of the FBG equals to that of the laser. When FBG is com-
pressed, there will be little change in wavelength of the FBG in this case. And the
overlapped region between the optical power of the laser beam and that of FBG will
change along with the intensity of output light accordingly. Thus the wavelength
change of the FBG can be measured by the intensity of the photodetector. Therefore,
it can analyze the axial strain change of fiber Bragg grating by detecting its wave-
length drift, avoiding the influence of electromagnetic field.
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3 Simulation analysis

Sugarcane sowing According to the above analysis in part II, in order simplifies the
calculation, we assume that one excitation is placed directly on the plate without the
adhesive layers. First, a geometric model is built in COMSOL software, model size
of the plate is 1000*600*5mm>(as shown in figure 4 and figure 5). The material pa-
rameters of the plate are specified: elastic modulus is 6.4 GPa , poisson coefficient is
0.3, density is 1190 g/cm’.In figure 4, one excitation signal is applied on ‘P’. Here we
use a modulation force directly instead of the piezoelectric excitation effect, whose
center frequency is 100kHz, and the amplitudes is 100N. In this way, the calculation
results can be obtained after the mesh processing, such as the acoustic field distribu-
tion, from which we can observe the variation of the acoustic field at different time,
such as 8e¢”s, 1.3¢”s. In these moments wave packets have spread to damage hole,
where the interaction produces between them. From figure 4b,we can see that the
hole is as the second source to launch.
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Fig. 4. The acoustic pressure field on at different time

In figure Sa, the points ‘A’,’B’ ,’C’ represent the three different detection positions
respectively, and the excitation point ‘P’ is lie on the centre of the plate. ‘X’ repre-
sents a circular defect, whose diameters are 10mm and thickness is Smm on the verti-
cal lines away from the center of the plate. In figure 5b,5¢,5d, the blue curve repre-
sents the response of point A, the green curve represents the response of point B, and
the red curve represents the response of point C. By comparing the responses of three
points, we can see that the amplitudes of the detection signals will have a change
owing to the distance between the detection point and excitation point. The distances
CP is the farthest distance, so the detection signal amplitude(as shown in red curve) is
smallest due to the attenuation. In addition, from the figure 5b,5¢,5d we can see that
the distances AP and BP are the same, so the signal arrival time of these two points is
the same, whose initial waveforms are coincident and the back waveforms are differ-
ent due to the defect reflection and boundary reflection. Assuming that the transmis-
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sion speed is 2500m/s, AP is 180mm, so it spends the longest time 0.18/2500=72us.
This result is consistent with the simulation result, as shown in figure 5b, in which the
arrival time of the first wave packet is 0.8*10™s. Meanwhile, CP is 240mm, so it
spends the longest time 0.24/2500=96us, which is approximately consistent with the
simulation result 1*10™s. The distance XB is closer to the injury, which is far away
from point A. So the wave packet of point B reflected by the injury may be sub-
merged in the direct wave packet. Overall, the simulation results(as shown in figure
5¢,5d) show that the wave number of the modulation wave is more, the energy is
stronger. Thus it is easy to cause the signal aliasing and is more difficult to further
identify the damage signal. So we need to select the modulation wave number.
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Fig. 5. The acoustic pressure field under different incentives

4 Experiment based on FBG sensor

The Ultrasound strain on the metal plate is usually only a few microstrains, so the
fiber grating demodulation system should satisfy the high demodulation speed to
measure ultrasonic signals ensuring accuracy at the same time. In order to demon-
strate high sensitivity of the cross modulation effect to the defects in a plate sample,
we use adjustable laser edge filter demodulation as new demodulation system. Princi-
ple diagram is shown in figure 6 (a), where piezoelectric wafers are used for the exci-
tation, while FBG sensors are used for detection response. The tuning range of tuna-

68 http://www.i-joe.org



Paper—Damage Detection in a Plate Structure based on FBG sensing Technique under a Single-Mode...

ble laser light source with typical line width of 200 kHz is 1260 -1630 nm. And the
object of study is organic glass plate whose dimension is 1000mm* 600mm *Smm,
and incentive layout is shown in figure 6 (b).

Photoelectric Broadband  Tunable laser

conversion Couplcr

Aluminum plate

(a) Principle diagram

1000mm

220mm

" 600mm

(b) Incentive layout

Fig. 6. xperimental equipment

In figure 6 (b), blue circle represents the piezoelectric wafers with diameter 10mm
while green circle represents the damage hole with diameter 10 mm. Orange horizon-
tal lines ‘A’,B’,‘C’ represent FBG sensors with the length of 5 mm, whose wave-
lengths are 1315, 1300,1293nm respectively. Here the ultrasonic frequency is not
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more than 100 kHz, so the length of FBG with 5 mm can satisfy with this condition.
Due to the temperature influence, we keep temperature 20 degrees based on the tem-
perature measurement during the experiment. In this way, it can eliminate the influ-
ence of temperature factor. Due to the strain sensitivity of the optical fiber grating and
the acoustic axis of the ultrasonic energy, we firstly study the basic characteristics of
FBG sensors in ultrasonic excitation with different incentive parameters. On the basis
of this, we can further study the response analysis of FBG under multi-excitation and
subsequent damage assessment. The relevant parameters such as wavelength and
position parameters of FBG sensors are as shown in table 1.

Table 1. Wavelength and position parameters of FBG sensors

Comparison A B C
FBG wavelength (nm) 1293 1315 1300
Distance from source(mm) 180 180 240
Distance from damage(mm) 90 40 40

4.1 Response analysis of FBG on different positions

We know that under single excitation it will appear at least two modes of the wave
packet, SO and AO. Here, in order to facilitate the detection, the wave packet can be
suppressed by inhibiting one of the modes allowing a single mode wave packet, as
shown in figure 7, in which response waveforms of different points A, B, C in differ-
ent excitation modes are compared. According to the simulation results, excitation
source is used by half-peak modulated wave, whose frequency is 100 kHz and the
voltage amplitude is 150 V(as shown in figure 8). Figure 7(a) is one-side incentive
and figure 6b is asymmetric incentive. It can be seen from figure 7 that the peak times
of the detection point A are basically same as that of the detection point B and the
magnitudes are roughly equivalent. According to figure 7(b) and table 2, we can draw
the conclusion that the waveform pattern of the symmetrical excitation is relatively
simple, and the amplitude of the SO model is significantly higher than that of single
side excitation , which is nearly 2 times.

According to the frequency dispersion characteristic curve, we can get the speed
parameters. When the excitation frequency is 100k and the thickness of the glass plate
is Smm, the frequency thick product parameter is 0.5SMHz-mm. So the corresponding

speed is respectively as follows: Vso =2349m /s, Vo = 1474m/s' According to the

detection distance in table 1, the time can be calculated respectively as followed in
table 3.
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Fig. 7. Response on different positions under different incentives
Table 2. Test amplitude of FBG sensors on different positions
Detection peak(mV) A B C
_ o 33.6 26.4 19.2
Single-side incentive
40.8 11.2 6.4
asymmetric incentive 55.2 53.6 36.8
Antisymmetry incentive 40.8 344 14.4
Table 3. Test time of FBG sensors on different positions
Detection A B C
times Test |Calcula-| Error Test |Calcula-| Error Test |Calcula-| Error
tion tion tion
asymmetrie 78 77 1% 82 77 6% 110 93 18%
mcentive
Antisymmetry | e |1y | s 127 | 122 | 4% 170 | 150 | 13%
mcentive

In the process of the experiment, the initial excitation signal has a delay time. So
the experimental detection time is needed to subtract the delay time of the excitation
source 6¢°s. After subtracting the delay time it can be used as the test time. By com-
paring the test time and Calculated time in table 3, we can see that time errors of de-
tection points A, B are small. The errors may be caused by the deviation of the detec-
tion range or the estimated speed, which are within the normal range. But time errors
of detection point C are too big. Maybe the defect hole affects the normal transmis-
sion of the wave, resulting in the different estimation of the velocity. Overall, Point C
is relatively farthest and damage reflection signal is weak through the defect hole. But
it still follows the law: the amplitude of the symmetric mode under symmetric excita-
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tion is higher than that of the single side excitation. So it is not suitable for testing
point. In addition, point B is closer to the damage, so damage signals are likely to be
submerged in the direct wave packet easily. This conclusion is in agreement with the
simulation results. So next we mainly focus on point A to extract damage infor-
mation.

4.2  Response analysis of FBG under different frequencies

Figure 8 is the responses of the point A under different frequencies, such as 60kHz,
80kHz. Black curve indicates incentive, green curve represents the response under
single incentive, blue curve represents the response under symmetric incentive, and
red curve is for the antisymmetric excitation response.
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Fig. 8. Response of detection point A at different frequencies

Figure 9 is responses of detection point A at different frequencies after filtering.
According to the waveforms as shown in figure 8 and 9, under the antisymmetry in-
centive with the frequency 60kHz or 80kHz , A0 mode and SO mode have reflected
wave packet , but these reflective waves reflected by the damage are very small. So it
is appropriate to compare the relative changes. In this case, here SO mode has better
detection effect than A0 mode.

By removing noise, we can clearly see the wave packet reflected by the damage.
From figure 9a, the reflected wave packet represented by red curve in antisymmetric
mode is basically invisible, which is not suitable for damage detection. While the
corresponding reflected wave packet with blue curve in symmetry mode is relatively
large, this is more suitable for damage detection. Similarly, the same conclusion ap-
plies to figure 9b. From figure 9, we can see that the reflection wave packet with blue
curve is relatively larger in the symmetry mode, which is suitable for damage detec-
tion.
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Fig. 9. Response at different frequencies after filtering

5 Conclusion

This work focuses on the single-mode ultrasonic Lamb wave technique for crack
detection by FBG, which is combined the advantage of fiber grating sensing tech-
nique. In this paper, taking the plate structure as the object, a new attempt by single-
mode ultrasonic Lamb detection with FBG sensors has been investigated. First, sin-
gle-mode ultrasonic Lamb technique and the strain characteristics of FBG sensors are
introduced. Second, the simulation analysis of the ultrasonic Lamb wave signals are
carried out and time domain simulation of the plate structure are performed, which
reveal various ultrasonic Lamb wave signals on different detection positions. Third,
the experimental system based on ultrasonic Lamb wave technique-fiber Bragg grat-
ing detection is built and response analysis of FBG sensors under the different excita-
tions is given. The results reveal an extremely efficient single-mode ultrasonic Lamb
wave technique. And it shows that this single-mode ultrasonic Lamb wave technique-
FBG sensing system is feasible and it is sensitive to crack damage by comparison of
the signals in healthy area and damaged area.
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