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Abstract

A novel AE sensor was developed by using a conventional optical fiber. The principle of the
sensor is based on the Doppler-effect in curved optical fiber. A loop-type optical fiber sensor
showed excellent sensitivity to elastic wave activity. The basic characteristics of the loop sensor
were examined by propagating an elastic wave in a steel plate and detecting it with the sensor.
The loop sensor was also used for assessing damage propagation in an adhesive joint in compos-
ite structure, and the results showed activity almost similar to that of a PZT AE sensor.
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1. Introduction

Composite structures have an important role to play in fields that demand lightweight and
energy-saving features.  Development of systems to evaluate and assure soundness of structures
using health monitoring and non-destructive examinations are needed, and greater attention is
being focused on fiber-optic sensors [1]. Various kinds of sensors have been proposed and devel-
oped ranging from those that use loss of transmitted beam due to breakage or bending of the op-
tic-fiber itself, to those that use interference or phase difference of light [2].

 Optical fiber is light in weight, flexible, and also has good durability, excellent corrosion re-
sistance, high strength and good resistance to electromagnetic noise. The diameter of the optical
fiber is very small at about 250 micrometers, therefore, it is easy to set the fiber even on three-
dimensional curves and to embed the fiber in composite materials. Thus, optical fiber has good
prospects of being used as a sensor for monitoring composite structures [3, 4].

Optical fiber sensors using frequency change characteristics due to the Doppler effect of light
transmitted within the optical fiber have the advantage of excellent dynamic behavior over a
wide frequency range. However, it is difficult to use this sensor for ultrasonic applications like
AE, because its sensitivity is low. By using Laser Doppler Velocimeter (LDV), we examined ex-
perimentally the basic characteristics of a straight optical fiber of about 10 cm in length, in which
the plastic cladding was peeled off, and used it as a vibration sensor [6]. The straight sensor was
also used in tensile tests of GFRP, and the results of this sensor were compared with the results
of a conventional resonant-type AE sensor. It was observed that in the straight optical fiber, low
amplitude AE data were buried in electric noise due to the low S/N ratio of the fiber.  However, it
was confirmed that the optical fiber sensor could detect high amplitude AE data, which corre-
spond to high-energy failure of materials, similar to the AE sensor.
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Subsequently, the LDV was improved, and it was found that a loop-type optical fiber with a
diameter of about 10 mm indicated higher sensitivity than obtained until now and could be used
as a high-sensitivity vibration sensor. It was also evident from the results of our studies that no
patent or sensor existed that used this method.

Thus, the aim of this research was to clarify and confirm the characteristics of the newly de-
veloped optical fiber vibration sensor. Moreover, the application of the sensor to track the inter-
laminar failure of polymer composites was also studied as part of this research.

2. Development of a Novel Loop Sensor

Figure 1 shows the schematic of one-turn loop of an optical fiber.  This is the simplest loop
sensor developed in our work. The loop sensor was affixed carefully on a steel plate with plastic
tape. Figure 2 shows a waveform and frequency spectrum, which was emitted by a quasi-AE os-
cillator and detected by the loop sensor. In this case, no frequency filter was used for the output
wave. Figure 3 shows similar results detected by a conventional 150-kHz resonant-type AE sen-
sor. In this case, a bandpass filter of 100 kHz to 300 kHz was used. It was confirmed here that a
small loop of optical fiber works well as a vibration sensor, although its output is small. How-
ever, when the sensor part of the optical fiber was made straight, waves as shown in Fig. 2 were
not detected for the same threshold level. This confirmed that the loop form of the sensor in-
creased the sensitivity of the sensor.

R
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Fig. 1  Loop sensor configuration.
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Fig. 2  Signal detected  by  a loop sensor of R = 5.
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Fig. 3  Signal detected by an AE sensor (R15).
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Fig. 4  Doppler effect in a straight and a curved optical fiber

Fig. 5  Propagation model of light in a curved optical fiber,

It was observed that duration of the waveform of the loop sensor was shorter compared to
that of the AE sensor waveform. Since the principle of measurement of AE sensor is to use reso-
nant frequency, beats due to resonance probably occurred.  In case of a loop sensor, however, a
waveform closer to the original waveform was probably detected.

3. Principle of Curved Optical Fiber Sensor

When light with a constant frequency is irradiated on a moving object, the frequency of a re-
flected light changes. This change in frequency is called Doppler shift or Doppler effect. Light in
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a narrow optical fiber is transmitted after being repeatedly reflected from the interface of the core
and the cladding. When a straight optical fiber, as shown in Fig. 4, receives some velocity com-
ponent, the changes in frequency cancel out each other because of symmetry and the Doppler
effect does not occur. On the other hand, when a curved optical fiber receives a velocity compo-
nent, the angles of reflection are different and do not cancel each other out, with the result that
the Doppler effect appears. Light in a curved optical fiber is considered to be a single beam as
shown in Fig. 5. The Doppler shift dfD that occurs in infinitesimal length ds can be expressed by
equation (1). The total Doppler shift fD for a length L can be obtained by integrating equation (1),
and is shown in equation (2).

dfD = − 2 f0c V ⋅nsin
dθ
2

= −
f0
c V ⋅ndθ

　　 (1)

L
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Fig. 6  Sketch showing components of LDV.

3. Principle of Measurement of Laser Doppler Velocimeter

Figure 6 shows the principle of measurement of the Laser Doppler Velocimeter. The He-Ne
laser beam of frequency f0 originating from a light source splits into two routes due to a beam
splitter. One route becomes an incident beam on the optical fiber sensor. The sensor part is af-
fixed with the loop type optical fiber.  As a result, the frequency of the laser beam from the sen-
sor part shifts to the frequency f0±fD, which is proportional to the vibration velocity. The other
beam is a reference beam, and the length of its light path is unchanged. This is a reference beam
with a frequency shift of f0+fM through AOM. The frequency difference fM±fD is measured by
interference of these two beams. Only the Doppler shift frequency component ±fD is extracted,
and the signal voltage V, corresponding to the vibration velocity in the FM recovery circuit is
output from the Doppler effect equation f = 2 v/λ. Here, λ  is the wave length (633 nm) of the la-
ser. The detecting instrument used was a modified LV-1100, made by Ono Sokki Instrument Co.,
Ltd., with a measurable frequency range from 1 Hz to 1.5 MHz.
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  Fig. 7  Experimental setup.

4. Experiment To Evaluate Sensor Characteristics

Experimental Method
Figure 7 shows the setup of the experiment. Quasi-AE waves were generated on a square

steel plate 800 mm x 800 mm x 3 mm and waveforms detected by the loop sensor were analyzed.
Pulse voltage was applied through quasi-AE waves generated in an oscillator (PAC, C-101-HV)
and passed through the AE sensor (PAC-R15, 150 kHz resonant type). The speed of elastic
waves through the steel plate was measured as 4,711 m/s via time-of-flight method. Since a 150-
kHz resonant-type AE sensor was used for transmission and detection, the frequency of the elas-
tic waves is also considered to be 150 kHz, and thus, its wavelength is 31 mm.

The loop sensor was installed at the center of the steel plate to avoid the effect of reflection at
the end faces of the steel plate. The output gain from FLDV was set at 0 dB through a bandpass
filter of 100 kHz to 300 kHz. The detected signal was input in the AE system (PAC, MISTRAS)
and analyzed using waveform measurement software (PAC, MI-TRA). Simultaneous measure-
ments were carried out using an AE sensor (PAC-R15) at all times and compared with the loop
sensor measurements. The signal from the AE sensor was amplified 20 dB, passed through a
100-300 kHz bandpass filter, and AE waveforms were similarly digitized.

Effect of Radius of Curvature R of Sensor Loop
To examine the effect of radius of curvature R, the sensitivity was examined by varying the

radius of curvature, taking the number of turns of the loop N as 1. Quasi-AE wave was made to
fall on the surface of the steel plate at a distance of 50 mm from the center of the loop.

Figure 8 shows the plots of maximum output voltage (Vpp) of each waveform for all values
of R tested, where each plot has been determined from the average value of 10 waveforms. The
results show that the smaller the value of R, the greater is the value of Vpp, and the better is the
sensitivity.  This is probably because when the radius of the loop is small, the loop can catch the
vibrations uniformly. The wavelength was found to be 31 mm, which gives the radius of curva-
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Fig. 8  Relationship between  Vpp  and  R.

R=5

Fig. 9  Configuration of a loop sensor with N
turns.

ture R as 15 mm. As shown in Fig. 8, the value of output (Vpp) decreases until R = 15 mm, but it
remains at an almost constant level after this value. The radius of curvature should be made
small in order to realize a small-sized sensor with high sensitivity. However, considering light
loss and strength in optical fiber, the lower limit of R is 5 mm.

Effect of the Number of Turns of the Loop
An increase in the number of turns is expected to improve the Doppler effect. Therefore, the

effect of the number of turns was examined. As shown in Fig. 9, the number of turns on the out-
side of the loop was increased and the sensitivity was checked taking the inside radius of the
loop sensor as 5 mm. Quasi-AE wave was generated at a distance of 50 mm from the center of
the loop. Figure 10 shows the relation between the number of turns and the maximum output
voltage (Vpp) of the detected waves. The result shows that Vpp increases in proportion to the
number of turns. Furthermore, it was confirmed that the dynamic range also improved with the
increase in Vpp.
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L-type sensor Oval-type sensor

Fig.11  Four kinds of optical-fiber sensors.

Fig. 12  Directivity dependence on the type of sensor.

Directivity of the Sensor
The sensitivity of the sensor corresponding to its directivity was checked by varying the an-

gle of incidence of quasi-AE on the loop sensor in steps of 45˚ from 0˚ to 315˚. The experiment
was carried out on 4 kinds of sensors: two kinds of sensors with N=1, R = 5 mm and 10 mm, and
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two kinds of L-type and oval-type sensors, as shown in Fig. 11. Figure 12 shows the relationship
between angle θ and Vpp for all kinds of sensors. Resultant data was normalized taking Vpp as 1
for θ=90˚. The results showed that there was no distinctive directivity for loop and oval-type
sensors, and that the L-type sensor showed excellent directivity at the sensitivity in the 90˚ di-
rection.

5. Application to Damage Progression Behavior in Composite Materials

Mode-I Interlaminar Damage Progression Experiments
A loop sensor was used to evaluate the interlaminar damage progression behavior of a double

cantilever beam (DCB) specimen of uni-directional CFRP (T800H/3900-2). As shown in Fig. 13,
a loop sensor (R=5mm, N=10) and a small AE sensor (DIGITALWAVE, B1025) with wide fre-
quency range were installed on the specimen. The experiment was carried out according to JIS-K
7086, with pin-loading and by controlling the displacement of crosshead at the speed of 1
mm/min and loading until a maximum crack of 50 mm. Collection of output data and its analysis
was performed similar to the basic experiments, using the AE system (PAC, MISTRAS).

Fig. 13  DCB specimen and location of a sensor.

Figure 14 indicates the measured results and the comparison of the parameters of the loop
sensor and an AE sensor, namely, amplitude, energy, event rate and total event. Both figures in-
dicated almost same results, confirming that the loop sensor could detect just like an AE sensor
with almost the same sensitivity.

Experiment for Debonding Failure in Adhesive Joint
A large number of adhesive joints are used in composite structures. The loop sensor was used

to evaluate the debonding behavior of adhesive joints. Together with the debonding progression,
the loop sensor was checked to confirm whether it could be used to evaluate the characteristics of
attenuation of incident elastic waves. Joint specimens were fabricated with pre-preg sheets of 3K
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Fig. 14   Resultant AE parameters detected by loop sensor (left) and AE sensor (right),

Fig. 15  Adhesive joint specimen and sensor location.

plain-weave fabric, carbon-fiber equivalent to Toray T300 and toughened epoxy resin. A 25-µm
thick Teflon film had been inserted into the bonding layer in the specimen as an artificial crack.
The laminates were quasi isotropic, and Fig. 15 shows the configuration of the specimens and the
sensor locations.

Tensile load was applied with displacement control at the rate of 0.2 mm/min. Experiment of
attenuation of propagation was carried out with repetitive unloading each time the crack pro-
gressed by 3 mm. Loop sensor with R=5, N=10 and AE sensor were used. The detection condi-
tions of the AE system were set similar to those in the DCB test. Quasi-AE waves were made
incident through the AE sensor (PAC, R=15), the attenuated elastic waves that had passed
through debonded part were detected by using a loop sensor, and the waveform was recorded and
analyzed to evaluate the attenuation of propagation.
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Fig. 16  Results of amplitude distribution detected by loop sensor (left) and  AE sensor (right) for
crack length of  0 mm to 3.5 mm.

    

Fig.17  Results of amplitude distribution detected by loop sensor (left) and AE sensor (right) for
crack length of 17.5 mm to 20.5 mm.

Figure 16 shows the output results of amplitude distribution from the loop sensor and the AE
sensor between 0 mm to 3.5 mm of crack length. Similarly, Fig. 17 shows the amplitude distri-
bution between 17.5 mm to 20.5 mm of crack length. Results for the two sensors indicate almost
the same trend and sensitivity, confirming that the loop sensor could detect AE behavior during
debonding with high sensitivity.

6. Conclusion

It was verified that the FLDV system and the newly developed optical fiber loop sensor
could detect AE activity to the same level as the conventional AE system for interlaminar de-
lamination and debonding failure in adhesive joints of composite materials. The basic character-
istics such as the effect of radius of curvature and number of turns of the loop sensor were also
clarified. The features of optical fiber sensor as obtained through this research and the future
prospects of the sensor are described below.
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1. The loop sensor is a vibration sensor with excellent sensitivity comparable to a conven-
tional resonant type AE sensor.

2. S/N ratio can be raised by increasing number of turns.
3. It can detect frequency in the range of a few Hz to 1 MHz.
4. Multi-point measurements are possible with just one fiber.
5. It is possible to build a system incorporating this sensor within another optical fiber sensor

system.
6. As optical fibers have low loss of light, a line extending to several kilometers can be meas-

ured since losses are small.
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