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Abstract 
 

We propose a new source location method of Lamb-wave AE signals detected by three opti-
cal fiber sensors in cascade mode. Three fiber sensors were mounted on a cross-ply CFRP plate 
and detected the Lamb waves over 50-130 kHz range with increased sensitivity at sensor reso-
nances. Source locations were performed by 1) determining arrival sequence of Lamb waves to 
the three sensors using the resonance frequencies, 2) finding arrival time differences of A0-mode 
at a selected frequency (120 kHz) and 3) scanning for a virtual source utilizing the constant 
group velocity of 1280 m/s for this frequency.  Location accuracy of the Lamb waves produced 
by the Hsu-Nielsen sources and compression-type transmitter was evaluated. Next, we monitored 
the progression of internal damages of the CFRP plate subjected to indentation loading. AE 
analysis provided the location of internal damages and revealed four types of damage, including 
delamination and transverse cracking. 
 
Keywords: Optical fiber AE sensor, Mach-Zender-type interferometer, multi-sensing function, 
resonant frequency, source location. 

 
Introduction 
 

Carbon fiber reinforced plastics (CFRP) possess high specific strength and have been widely 
utilized in aeronautical systems [1]. This material tends to suffer various types of internal dam-
ages such as transverse cracks, delamination and fiber fracture by impacts of flying objects and 
tool drops. Conventional AE system has been utilized to monitor these fracture. The current AE 
system needs one signal processor for each sensor. Thus, a multi-channel AE system inevitably 
becomes bulky and expensive. The system possesses another drawback of the sensitivity to elec-
tromagnetic noise. Some of the drawbacks of the current AE system can be eliminated by the AE 
system with a cascade multi-sensing optical fiber we have developed [2]. The sensing parts of 
this system are lightweight and immune from electromagnetic noise.  

 
We studied the utility of the cascade multi-sensing optical fiber AE system for monitoring 

the damage progression in a cross-ply CFRP plate subjected to indentation loading. This paper 
reports the source location method of artificial sources on the CFRP plate. Locations of various 
sources were obtained successfully. Next, we report monitoring results of progressive internal 
damages in the loaded CFRP plate. 

 
Specimen and Experimental Method 
 

Specimen is a (0˚10/90˚10)sym. cross-ply CFRP plate of 420 x 340 x 5 mm. AE signals from ar-
tificial sources and internal damages during local loading were monitored by the optical fiber AE 
system reported previously [2]. Figure 1 shows the monitoring method of Lamb-wave AE signals 
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Fig. 1 Experimental setup for studying the source location accuracy using the cascade multi-sensors. 
 

 

Fig. 2 Comparison of waveforms and power spectra of AE signals detected separately by the pipe 
shaped sensor holder as a function of diameter of the pipe 

from nine artificial sources on the plate. Three sensors were mounted at the apexes of a triangle. 
These fiber sensors are connected in series by a single optical fiber. Each sensor consists of a 
horizontal hollow-cylindrical holder with the diameters of 15, 20 or 25 mm. The sensing part of 
the optical fiber was wound on the holder. The sensors detects the Lamb waves over 50-130 kHz 
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range with increased sensitivity at sensor resonances, which are basically the sensor holder reso-
nance. These sensors are designated as D15, D20 and D30 sensor, hereafter. It is noted that five 
sources, A, B, C, F and I, are out of the sensing zone. 

 
Resonance frequencies of the three sensors were first studied separately. Figure 2 shows 

waveforms and frequency spectra of the waves produced by the Hsu-Nielsen source on a steel 
plate at 200 mm from the sensor and detected by the optical fiber sensors.  Resonance fre-
quency of D15 sensor was measured as 91 kHz. These of D20 and D25 sensors are 75 and 66 
kHz, respectively.  

 
We estimated the source locations of four types of artificial sources. These are Hsu-Nielsen 

source, a small AE sensor (PAC-Pico, 450 kHz resonance), steel-ball drop and pull-off of glued 
sewing needle. The first two produce the Lamb waves with high frequency components, while 
the latter two the Lamb waves with lower frequency components.  

 

Fig. 3 Waveform (a) and its wavelet contour map (b) of AE detected by cascade optical fiber sen-
sors. Source: Hsu-Nielsen source. 

Source Location Accuracy 
 
Location of Hsu-Nielsen sources 

The source location procedure takes the following steps. Here, Hsu-Nielsen source at point E 
(200, 100) in Fig. 1 produced the waveform (Fig. 3(a)). This combines all the signals detected by 
the three sensors.  
 
Step 1: Determination of the sensor sequence from the peak arrival times using the time transient 

data of wavelet coefficients at the resonance frequencies of the three sensors. 
Step 2: Utilization of the group velocity of the A0-Lamb waves at a selected frequency at which 

the group velocity is the same in all directions [3].  
Step 3: Determination of three arrival times of the Lamb waves at the selected frequency and the 

time differences between two sensors. 
Step 4: Virtual source scanning scheme assuming the CFRP is isotropic.  
 



 87  

 

Fig. 4 Wavelet coefficients at 91, 75 and 66 kHz of AE detected by cascade optical fiber sensors. A 
Hsu-Nielsen source at point E (200, 100). 

 
Fig. 5 Group velocity profile of the A0 Lamb wave at 120 kHz for the cross-ply CFRP plate used. 

 
Wavelet contour map of Fig. 3b indicates that the system detected three wave packets corre-

sponding to the resonance frequencies of three cascade sensors. Step 1 begins with accurate de-
termination of arrival times at the three sensors using the time transient of wavelet coefficients 
(Fig. 4) at the resonance frequency of 91 kHz (D15 sensor), 75 kHz (D20) and 66 kHz (D25). 
Arrival time of the maximum peak at three frequencies indicates that the sensor detected the AE 
in order of D15 (418 µs)>D25(487 µs)>D20(602 µs).  Figure 5 shows the orientation depend-
ence of the group velocities of the A0-mode Lamb wave at 120 kHz for the CFRP plate tested. 
The velocity can be represented by a circle and is deemed as isotropic at 1280 m/s. This part is 
Step 2. 

 
Figure 6 shows the time transient of wavelet coefficient at 120 kHz of the Lamb waves, 

which cannot be seen in Fig. 3a because of stronger signals at resonances. Three peaks from the 
left to right correspond to the arrival time of Lamb wave at 1280 m/s in the order of sensors, D15, 
D25, D20, as determined in Step 1. This completes Step 3. Using these data, the location of a 
given source at E (200, 100) was estimated as (188, 85) in Step 4.  Distance error of this esti-
mated location to the given source is 19 mm.  



 88  

 
Fig. 6 Wavelet coefficients at 120 kHz of the A0-Lamb waves detected by cascade optical fiber 
sensors. 
 

 
Fig. 7 Source location result of Hsu-Nielsen sources using cascade optical fiber sensors. 
 

We estimated the source locations of nine Hsu-Nielsen sources. Results are shown in Fig. 7. 
The maximum and average distance errors were calculated as 32 mm and 21 mm, respectively. It 
is noteworthy that the maximum error occurred at source C, which is out of the sensing zone. 
Location accuracy by the proposed method is considered good for the Hsu-Nielsen sources.  
 
Source Location of Pico-Sensor Sources 

Figure 8 shows waveform and wavelet contour map of the AE produced by a Pico-sensor as 
the trasmitter at point E (200, 100) and detected by three cascade sensors. Three packets are 
difficult to see in the wavelet contour map. From the time transient of wavelet coefficients at 91 
kHz (D15 sensor), 75 kHz (D20) and 66 kHz (D25), arrival times of the maximum peaks at the 
resonance frequencies were in the order of D15>D25>D20 (Fig. 9). This sequence is the same as 
that for the Hsu-Nielsen source at point E. Figure 10 shows the time transient of wavelet coeffi-
cient at 120 kHz. Three peaks were detected and the source was located at (185, 108). Distance 
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Fig. 8 Waveform (a) and its wavelet contour map (b) detected by cascade optical fiber sensors. 
Source: Pico sensor as transmitter. 

 
Fig. 9 Wavelet coefficients at 91, 75 and 66 kHz of AE produced by a Pico-sensor transmitter at 
point E (200, 100). 

 

Fig. 10 Wavelet coefficients at 120 kHz of the A0-Lamb waves produced by a Pico-sensor transmit-
ter. 
 
error to the given source E (200, 100) was 17 mm. This is comparable to that produced by 
Hsu-Nielsen source, although the amplitude of the waves below 75 kHz was low. Figure 11  
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shows the location results of nine source positions. Maximum and average errors were obtained 
as 33 and 17 mm, respectively.  The maximum error was observed at source F, which is out of 
the sensing zone.  
 

 

Fig. 11 Source location result of PZT transmitter using multi-channel optical fiber sensors. 

 
Fig. 12 Waveforms and their wavelet contour maps produced by a needle pull-off and a steel ball 
drop at E. 
 
Source Location of Steel-Ball Drop and Needle Pull-Off 

Next, we attempted to identify the source location of AE signals produced by a steel-ball 
drop and a pull-off of 1.5-mmφ needle. We could not estimate the location of these sources, 
because these sources emitted weak AE signals in the sensing frequency range as shown in Fig. 
12, and the time transient of wavelet coefficient at 120 kHz was too weak to determine the arri-
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val times. Because we use both the resonance frequencies of the sensors and the uniform group 
velocity at 120 kHz, AE signals must contain the frequency components from 60 kHz (lowest 
resonance frequency of D25 sensor) to 130 kHz.  
 

 
Fig. 12 Waveforms and their wavelet contour maps produced by Needle pull-off and steel ball drop 
at E. 
 
Damage Monitoring of CFRP Plate during Indentation  

 
We monitored AE signals from internal damages in the cross-ply CFRP plate during an in-

dentation test using the experimental setup of Fig. 13. The CFRP plate was supported by a circu-
lar jig of 200-mm diameter and loaded on the opposite surface by a rod of 1.65-mm diameter 
with a spherical tip. Three optical fiber sensors and PZT sensors (PAC Pico) were mounted on 
the apexes of triangles as indicated. Outputs of the PZT sensors were amplified by 40-dB pream-
plifiers. Outputs of the optical fiber sensors were filtered by a band-pass filter of 50-300 kHz. In 
this test, we used two digitizers. Digitizer 1 is used for optical fiber sensor signals and Digitizer 2 
with a multi-trigger function was used to monitor both signals from PZT and optical fiber sen-
sors. AE event counts by the two systems were compared. Additionally, Digitizer 2 was used to 
classify the fracture types by waveform comparison.  
 

Figure 14 shows the load vs. crosshead displacement curve with cumulative AE counts from 
the optical fiber sensor (Digitizer 1). First AE was detected at a large load drop at 4.3-mm de-
flection. After this, AE counts increased nearly linearly. When the displacement reached 9.4 mm, 
the loading rod penetrated through the plate and test was stopped. AE generation continued even 
after the test stop. The optical fiber sensor detected 902 events. These events were classified into 
four types based on the waveforms.  
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Fig. 13 Experimental setup for indentation test of a cross-ply CFRP plate and AE monitoring 
method. 

 
Fig. 14 Load vs. displacement curve during indentation of CFRP plate and cumulative event counts 
of AE signals detected by the optical fiber sensor. 
 

Figure 15 shows typical examples of four types of AE signals detected by the optical fiber 
AE system. These signals were classified based on the waveform shape and the distribution of 
different frequency components in the wavelet coefficient diagrams. Types A and B signals ini-
tially shows higher frequency components (75~150 kHz) waves followed by strong 
low-frequency waves (~60 kHz, beyond 0.4 ms). The initial waves were weaker in Type A signal 
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than in Type B. Type-B signal has strong initial waves with comparable amplitude as the trailing 
low-frequency waves. Type-C signal possesses a single frequency component at ~75 kHz and it 
rises slowly to the peak value. Type D has initial 75-kHz components before the main waves (at 
65 kHz, starting at 0.3 ms). Note that these waveforms contain signals received by all three fiber 
sensors.  Figure 16 compares waveforms of the four-type AE signals detected by the optical fi-
ber and PZT sensors using Digitizer 2. Since the PZT sensor responds well to 0.5 MHz, well be-
yond the fiber sensor range, discrimination of high frequency components can be expected and 
separation of Lamb-wave modes may be possible by careful comparison. This remains to be 
studied. In reference to the waveform characterization study by Mizutani et al. [4], we anticipate 
the source mechanisms of the AE signals to be from delamination, transverse crack, fiber frac-
ture, matrix cracks and secondary frictional sources. However, signals have not been classified. 
 

 
 

Fig. 15 Waveforms of four types of AE signals detected by cascade optical fiber sensors during in-
dentation to a cross-ply CFRP plate. Wavelet coefficient diagrams are shown below. 

 
Fig. 16 Waveforms of four types of AEs detected by optical fiber sensor and PZT sensor during in-
dentation of cross-ply CFRP plate.  
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Fig. 17 Cumulative counts of AE signals vs. displacement of indenter-head. 

  
Fig. 18(a) Photograph of the upper surface of tested CFRP. Positions of upper and back surface 
cracks are shown. (b) Visualization of the damage distribution by using air-coupled ultrasonics. 

 
Figure 17 shows the cumulative AE counts of four types of AE signals. It is noted that event 

counts of Types A and B increased almost linearly till the end of the test, but those of Types C 
and D signals increased linearly only for initial displacement and the rates of increase were low-
ered. Figure 18(a) shows the photo of upper (indentation side) surface of the CFRP plate after 
test. As the loading rod has a small diameter of 1.6 mm, it penetrated the CFRP and caused three 
types of visible damages. These are 1) fiber fracture in and near the through wall cavity, 2) fiber 
fracture of 50 mm length in the surface and 3) matrix crack of 100 mm length in the back surface. 
There are of course cracks inside. Air-coupled transmission ultrasonic image is shown in Fig. 
18(b). It shows a large elliptical delamination having short axis of 50 mm and long axis of 180 
mm.  

 

(a)                        (b) 
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Fig. 19 Source location result of AE signals detected by cascade optical fiber sensors for cross-ply 
CFRP plate subjected to indentation.  

Figure 19 shows source location results of four types of AE signals. Types A and B were lo-
cated near the loading point. The scattering of Type-C sources may be due to their limited fre-
quency component. Because Type-C AE signals were located along the circular jig, these are 
possibly from the friction of the jig and CFRP plate. In general, transverse cracks occurred 
around the loading point but Type-D AE signals were located over a wide zone. This demon-
strates that source location is possible using a set of cascade optical fiber sensors, extracting the 
arrival time information. Because of the limited frequency ranges of the optical fiber sensors, 
however, source discrimination/identification requires further investigation. 
 
Conclusions 
 

We propose a new source location method of AE signals detected by cascade optical fiber 
sensors. Location accuracy of AE signals from artificial sources on cross-ply CFRP was studied 
first. We next classified AE signals from internal damages in a CFRP plate subjected to indenta-
tion. Sources of classified signals were located using the proposed method. Results are summa-
rized below. 

 
1) Cascade optical fiber sensors using horizontal sensor holders detect both the Lamb waves and 

resonance waves of the holders. Arrival time sequence of three sensors was successfully de-
termined utilizing wavelet transform. AE sources of the Hsu-Nielsen and PZT transmitter 
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were accurately located, but those of ball drop and pull-off of a glued needle were not due to 
their limited frequency components.  

2) We monitored AE signals from internal damages of a cross-ply CFRP plate during indentation. 
AE signals were classified into four types. Source mechanisms of these AE signals have not 
been identified yet, but their location can be estimated by extracting arrival times from cas-
cade optical fiber sensor signals.   
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