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Abstract: Acoustic emission (AE) testing is a widely used nondestructive testing method for the early
detection of failures in materials and structures. In this paper, an AE detection sensor combining
optical fiber sensing with laser self-mixing interference (SMI) technology is proposed. A multi-coil
optical fiber ring wound round a cylindrical acrylic skeleton was designed in order to sense the
deformation caused by AE elastic waves, which was then demodulated using self-mixing interference
technology. Finite element analyses were conducted in order to investigate the deformation of fiber
under acoustic sources. AE signals induced via ball-dropping impact experiments were successfully
detected by the proposed experimental system. The proposed SMI optical fiber AE sensing system
has the advantages of being free from electromagnetic interference and having a simple structure,
low implementation cost and high measurement resolution and sensitivity.

Keywords: self-mixing interference; optical feedback interference; laser sensor; optical measurement
and sensing; acoustic emission

1. Introduction

The phenomenon of transient elastic wave generation, caused by local energy release
from the deformation and cracking of materials under stress, is called acoustic emission
(AE) and is an important mechanism of structural failure. AE nondestructive testing is
a well-known technique for detecting elastic waves generated by structural defects and
can carry out continuous structural monitoring during the service life of infrastructure [1].
Since it was proposed for the first time, AE testing technology has been widely used in the
detection of structural integrity in aerospace, machinery manufacturing and other fields [2].

The most common and mature AE detection sensor is a piezoelectric sensor [3]. Optical
fiber sensors are new types of AE sensors that have appeared in recent years. Optical fiber
sensors are usually preferred for harsh environments as they are free from electromagnetic
interference, have the ability to be embedded in a material without changing its material
properties, and easily form a sensor network, although piezoelectric sensors can be also
used in some special treatments, e.g., enclosing the piezoelectric crystals in a ceramic casing
or using waveguides together with piezoelectric sensors [4—-6]. Common optical fiber AE
sensors include fiber Bragg grating (FBG) sensor, fiber Fabry—Perot cavity acoustic emission
sensor, and so on [7]. These sensors face some challenges in AE detection. For example,
the main principle of an FBG sensor is to detect the Bragg wavelength shift caused by AE.
However, AE signal generally has a small energy and a high frequency, and so complex
signal processing algorithms or sophisticated wavelength detection instruments are needed
to detect Bragg wavelength shift. Conversely, optical fiber Fabry—Perot cavity acoustic
emission sensors are usually difficult to produce and expensive [8].

In 2018, a fiber ring sensor for AE measurement was developed and demonstrated
with high sensitivity, although it did need complex demodulation processing to demodulate
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AE signals [8]. At the same time, self-mixing interference (SMI) has been demonstrated
as a newly emerging technology for sensing acoustic waves [9-11]. In particular, we
have used SMI for AE measurement, showing a wide frequency band that meets the
requirements of AE detection. However, the sensitivity must still be improved [12]. SMI
is an emerging nondestructive sensing technology and is often used to measure various
physical parameters such as distance, displacement and velocity [13-16]. When the external
conditions lead the change of the phase of the feedback light, the output light intensity of
the laser will exhibit interference fringes similar to the Michelson interference, and so such
a structure is often called self-mixing interferometer [17-20]. In a self-mixing interferometer,
the mixing interference takes place inside the laser internal cavity. Once interference
happens, the interference signals can be obtained from anywhere along the optical path
as the entire optical field becomes a unified field. In addition, a low-cost commercial laser
diode (LD) is often used as a light source, and a photodiode (PD) is enclosed inside the
LD that can be used to detect SMI signals [21]. Therefore, in a self-mixing interferometric
system, the low-cost LD acts as a light source, sensing element and detection device. As a
result, this configuration shows the merits of simple structure, low implementation cost,
and high measurement resolution [22-24]. However, in SMI-based measurements, one
challenge is determining how to efficiently obtain feedback light carrying information of
external objects back into the laser cavity and the other is establishing how to improve the
measurement sensitivity [25].

In this work, combining optical fiber sensing and SMI technologies, we designed an
all-fiber SMI-based sensor for use in AE detection. The low propagation loss of optical fiber
with the fiber end coated by reflective film ensures that enough feedback light reenters
the laser intra-cavity. On top of that, a multi-coil optical fiber ring wound on a cylindrical
acrylic skeleton was designed as a probe to sense the AE signals with the aim of further
improving the AE detection sensitivity. The SMI technology is used to demodulate the
AE signals. The designed AE sensor integrates the advantages of the fiber ring and SMI
technology, forming an effective AE measurement solution with a simple structure, high
sensitivity, easy demodulation processing and low implementation cost. The remaining
part of this paper is organized as follows. First, the measurement principle is introduced.
Then, finite element analysis simulation on the fiber ring probe is presented. After that,
experiments to detect AE signals induced by ball-dropping are presented to show the
feasibility of the proposed sensing system. Finally, the whole work is summarized.

2. Measurement Principle

The schematic diagram of the proposed system is shown in Figure 1. An LD with
pigtail fiber is used as the laser source. The sensing element is a multi-coil optical fiber
ring wound on a cylindrical acrylic skeleton, which acts as a probe. When an AE event is
generated, the AE wave propagates to the cylinder with a complex wave of various forms,
causing the deformation of the optical fiber ring wrapped around it and then causing
a change of optical phase. Through the self-mixing effect, the LD output light intensity
changes. The AE signal can be measured by measuring the change of light intensity;, i.e.,
the SMI signals. The SMI signals are detected by the PD integrated inside the LD.

Optical Fiber
Sensing Probe

LD Pack
ackage Optical Fiber

p «O

LD ” AE Source
Aluminum Plate

Figure 1. Schematic diagram of the designed SMI coiled optical fiber sensor. LD: laser diode,

PD: photodiode, AE: acoustic emission.
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The variation of the optical phase in this case can be expressed as follows [12]:
4rtnere(1 —
ap(e) = T L)y 1)
0

where 7,y is the effective refractive index of the optical fiber without deformation, A is
laser wavelength without optical feedback, pe = n%f¢[p12 — p(p11 + p12)] /2 is the effective
photo-elastic constant where y is the Poisson’s ratio, and p1; and p1y, are Pockel’s strain-
optic tensor coefficients. AL(t) is the deformation of the sensing fiber. When an AE event
occurs, deformation will be induced to the optical fiber, and a variation of optical phase
is then generated. When the fiber coil and the skeleton are designed, all parameters in
Equation (1) are fixed, except for the AE-induced deformation of fiber AL(t). Herein, the
optical phase variation A¢(t) is directly proportional to AL(t). Once we obtain A¢(t), the
AE-induced strain is detected with the expression as €(t) = AL(t)/Lo, where L is the
length of the sensing fiber.

SMLI is a coherent detection scheme that depends on the self-mixing effect, i.e., when
the emitting laser meets the external object that is to be measured, a part of the laser carry-
ing information of the external object returns to the laser cavity along the original path and
mixes with the laser inside the cavity, thus inducing an optical phase change and modulat-
ing the laser power [26]. The optical phase change is then able to be demodulated from the
laser intensity variation. The mathematical model of an SMI system is as follows [27]:

¢r(t) = ¢o(t) — Csin[¢p(t) + arctana], )
g(t) = cos[pr(t)], ®)
I(t) = Ip[14+m x g(t)]. 4)

In Equation (2), C is the defined optical feedback coefficient [28]

c:q(lfrg)(%)\/uaz; )

m

where 77, r3 are the amplitude reflection coefficients of the LD-emitting facet and external
target respectively; T;, is the laser internal-cavity round trip time; and 7 is the light external
round trip time between the LD-emitting facet and external target. # is the coupling
efficiency, and « is the line width enhancement factor. The optical feedback coefficient C is
an important parameter that determines the working state of the system and the waveform
of the interference signal [29,30]. In Equation (2), ¢¢(t) and ¢((t) are the external optical
phases with and without feedback, respectively. When an AE wave propagates to the
skeleton with fiber, the fiber will have a deformation or strain and the optical phase ¢o(t)
will vary according to Equation (1). Equation (3) is called the interference function. In
Equation (4), I(t) is the laser intensity; Ij is the laser intensity without the perturbation of
optical feedback; and m is the modulation index (typical value is about 10~3). The usual
physical quantity to be measured is contained in ¢ (t), and the output light intensity signal
I(t) is directly measured in our experiment. AE signal information is also contained in
the variation part of ¢y(t), denoted by A¢(t). By extracting Ag, the AE-induced strain
information can be retrieved, and then the integrity of the measured structure and material
and the pathological condition can be used in dynamic nondestructive testing.

In SMI sensing schemes, optical feedback coefficient C affects the waveform of an
SMI signal and the stability of an SMI system [31,32]. Figure 2 shows the simulated SMI
signals with different optical feedback coefficients. It can be seen that the SMI signal is in a
linear relationship with the optical phase variation Ap when C is properly set, as shown in
Figure 2d, where the SMI signal replicates the shape of the optical phase variation Ag. In
this study, we use the state of Figure 2d to demodulate the AE signal as the SMI is directly
proportional to the AE signal in this case without requiring further signal processing. For
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the details of controlling the SMI system operating in this state, researchers can refer to our
previous work [12]. When the SMI system operates in this state, the variation part of the
laser intensity or SMI signal can be expressed as:

AI(t) = AnAg(t) (6)

where A, is related to Py, m, C and a. In this case, the AE-induced strain is directly
proportional to the laser intensity variation, and it can be obtained after calibration is.
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Figure 2. Simulated SMI signals with different optical feedback coefficients, (a) the optical phase
variation, (b—d) the corresponding SMI signals with C = 0.5, C = 3, and C = 25 respectively.

3. Finite Element Analysis

In order to analyze the optical phase variation sensitivity induced by AE signals, we
designed a finite element analysis model, as shown in Figure 3. We simulated the strain
information on the common straight fiber and coiled fiber wound on the skeleton induced
by the same AE source. Figure 3a is for a piece of common straight fiber and Figure 3b is
for the coiled fiber wound on a skeleton. In Figure 3b, the skeleton is an acrylic cylinder
that is glued to an aluminum plate. A sound source is set on the aluminum plate about
2.0 cm away from both the straight fiber and coiled fiber. When sound waves reach the
interface between the AE sensor skeleton and the aluminum plate, waveform conversion,
reflection and refraction occur. A portion of the waves goes into the skeleton and the other
part stays on the aluminum plate. AE waves entering the skeleton undergo waveform
transformation, reflection, and repeated refraction.

Figure 4 shows the comparison of the strain results produced in the straight fiber optic
and fiber ring under the excitation of the same sound source at 150 kHz. The simulation
results show that the induced strain of the coiled fiber is much stronger than that of the
ordinary straight fiber, indicating that the sensitivity of the coiled fiber ring to the AE source
is much higher than the of the ordinary straight fiber.
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Figure 3. (a) straight fiber sensing model, (b) coiled fiber sensing model.
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Figure 4. Induced strain on (a) the straight optical fiber, (b) the coiled optical fiber.

4. Experiments

Figure 5 is the schematic diagram of the designed experiment testing system. The
testing system is assembled on an optical table (Thorlabs, Newton, NJ, USA, TF1225A6)
and anti-vibration support frame (Thorlabs, Newton, NJ, USA, T1225D). The laser source is
a commercial pigtailed LD (Thorlabs, Newton, NJ, USA, LP1550-SAD2). The LD package
contains an integrated PD, meaning that it can detect SMI signals while acting as the light
source. The maximum output power of LD is 2 mW, and the typical wavelength is 1550 nm.
The LD is driven by an LD controller with an operating current of 25 mA. The total length of
the optical fiber is 200.0 cm, and the total length of the coiled sensing optical fiber is about
50.0 cm. The fiber is wrapped around an acrylic cylinder with a diameter of 10.0 mm and
height of 50.0 mm. The skeleton is finally glued on the top of a 30 x 15 x 0.3 cm aluminum
plate. The end of the coiled sensing fiber is coated with reflective film to ensure that there
is sufficient optical feedback light into the laser cavity. Note that the optical fiber should be
bent to tightly wind on the acrylic cylinder. Although the optical fiber is elastic within a
certain range, care should be taken when wrapping it on the cylinder to avoid damaging
the fiber. Adhesive tape is used at two ends of the cylinder to prevent the fiber from falling
off. An optical fiber variable attenuator is used to adjust the optical feedback coefficient to
in order satisfy the requirement of keeping the SMI system operating in the state shown in
Figure 2d. A commercial piezoelectric AE sensor (Digital Wave Corporation, Centennial,
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CO, USA B1025) is also used as the reference sensor for comparison, and this has a diameter
of 9.3 mm and height of 12.8 mm. The signals obtained by both are simultaneously captured
and displayed using a digital oscilloscope.

Optical Path
Electrical Path
LD Controller
Optical Fiber Sensor
PD_ LD «®
7'- - O AE Source
- Optical Fiber @
l Aluminum Plate AE Sensor
- -
. - e
| -
Detection Circuit Oscilloscope

Figure 5. The schematic diagram of the experimental testing setup.

The feasibility of the proposed SMI fiber ring sensor for AE detection was then tested.
The AE signal generation method was the metal ball falling impact technique, which is a
widely used method of stimulating AE events [33]. The metal ball has a diameter of 15 mm
and a falling height of 20 cm. The impact point is 5 cm away from both the coiled sensing
optical fiber sensor and the piezo AE sensor. Note that the balls impact the aluminum plate
only once for each experiment. The frequency bandwidth of the commercial AE sensor
is 20 kHz-2 MHz. Hence, the output of SMI coiled optical sensors is also filtered using a
20 kHz-2 MHz digital bandpass filter for comparison.

Figure 6 shows the experiment results, where Figure 6a is the AE signal detected by
the proposed SMI coiled fiber sensor, and Figure 6¢ is the signal detected by the commercial
AE sensor. Figure 6b,d are, respectively, the corresponding Fourier magnitude spectra.
These two sensors simultaneously detected the AE signals caused by the metal ball falling
impact during the time around 0-1 ms. The peak frequency of the AE event is near 32
kHz in the spectrum diagram. From the comparison in Figure 6, it can be concluded
that the detection results of the SMI coiled fiber sensor are highly similar to those of the
commercial sensor. The slight differences in the detected results may be caused by the
hysteresis of the piezoelectric sensor, as well as by the different linearities, noise floors and
pre-amplification gains of the two sensor systems. It is noteworthy that the commercial AE
sensor has a displacement sensitivity of ~30 V/pm near 35 kHz, while the SMI coiled fiber
sensor has been tested with a sensitivity of ~0.6 V/um. So, the AE-induced displacement
to the commercial AE sensor is about 13 nm, while the induced displacement of the coiled
sensing fiber is about 1 um. This is larger than the value of the AE sensor thanks to the
multi-coil structure. Nevertheless, it can be seen from the above experiments that the
measurement results of the proposed SMI fiber ring sensor have almost the same shape and
equivalent output voltage amplitude to those of the piezoelectric acoustic emission sensor.
This demonstrates that AE detection of the designed SMI coiled fiber sensor is feasible,
showing comparable AE detection capability to piezoelectric sensors and providing a new
cost-effective solution for AE detection. Also, it should be noted that the effect of the
environmental temperatures on the fiber was not considered at that point.

A further experiment with two ball drops was performed. These two balls were
dropped from the same heights at the same time but on different impact points. Namely,
one was 5 cm and the other was 10 cm from the sensors. The signals detected by these
two sensors are shown in Figure 7. It can be seen that the detected AE signals from the SMI
coiled fiber sensor are still similar to those of the commercial sensor. As compared with
the results in Figure 6, it can be found that the AE signals from two balls dropping show
similar frequency range, with the same peak frequency around 32 kHz but more complex
time domain waveforms. In Figures 6 and 7, four frequencies are marked, i.e., f1 = 23 kHz,
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f2=32kHz, f3 =69 kHz, and f4 = 150 kHz. It can be found that the frequency range is from
f1 to f4 for all the detected AE signals. The maximum frequency component is at f,. In
Figure 7, new frequency components can be found between f, and f3, f3 and f4 as compared
with Figure 6. These new frequency components are from the second ball dropping, which
may induced by the microstructure non-uniformity of the aluminum plate.
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Figure 6. The detected experimental AE signal, (a,c) are the AE signals detected by the SMI coiled
optical fiber sensor and commercial AE sensor respectively, (b,d) are the corresponding magnitude

spectra of (a,c) respectively.
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Figure 7. The detected experimental AE signal, (a,c) are the AE signals detected by the SMI coiled
optical fiber sensor and commercial AE sensor, respectively; (b,d) are the corresponding magnitude

spectra of (a,c), respectively.

In order to further verify the feasibility and stability of the proposed coiled optical fiber
sensor, Pearson correlation analysis, which is a statistical data test designed to reflect the degree
of similarity between two variables, has been performed on the experimental signals. The
Pearson correlation coefficients between the four groups of empirical data in Figures 6 and 7
have been calculated and are shown in Figure 8, where Fiberl and Fiber2 correspond to
the spectra results for the proposed fiber sensor from the one-ball dropping and two-ball
dropping, and PZT1 and PZT?2 are for the commercial piezoelectric AE sensor. All the data
passed the significance test. The Pearson correlation coefficients between the data from
the SMI coiled fiber sensor and commercial AE sensor are 0.745 and 0.875, respectively,
for one-ball and two-ball dropping, demonstrating that the proposed fiber sensor has
comparable AE detection capability to the commercial piezoelectric sensor. Conversely, the
Pearson correlation coefficients between the data from one-ball and two-ball dropping are
0.725 and 0.805, respectively, for each sensor, which demonstrates the strong correlation
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between the AE signals from one-ball and two-ball dropping. It might be explained by the
notion that the detected AE signals for two-ball dropping are the superposition of two AE
signals of one-ball dropping, being similar to the interference of two sound waves. Hence,
another experiment was carried out to demonstrate this point.

Pearson matrix heat map

Fiberl 0.726 0.745 0.574

Fiber2 4

PZT1 4

PZT2 4

Fiberl Fiber2 PZT1 PZT2

Figure 8. Heat map of Pearson correlation coefficients.

To clearly verify the interference between the two sound waves, two ultrasonic trans-
ducers with resonant frequencies of 200 kHz were used as the sound sources. Figure 9
shows the detected signals from the proposed coiled fiber sensor and commercial sensor
when one ultrasonic transducer was placed onto the surface of the aluminum plate 5 cm
away from the sensors. Then, the interference of two sound waves was analyzed. Figure 10
is the interference image obtained from the fiber sensor and commercial AE sensor. Here,
the sensors were scanned in an area of 10 x 10 cm with a step of 0.5 cm. Thus, the image is
composed of 21 x 21 pixels. The two ultrasonic transducers were placed at the positions
(=1, 1) and (-1, —1) respectively. Although limited pixels were included in Figure 10,
obvious interference features could be observed.

200 200
(a)
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-200 -200
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Figure 9. The detected signal from (a) optical fiber sensor, (b) commercial AE sensor, with ultrasonic
transducers.
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Figure 10. Interference image with two ultrasonic transducers obtained from (a) optical fiber sensor,
(b) commercial AE sensor.
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5. Conclusions

A coiled optical fiber acoustic emission detection system based on SMI demodulation
has been developed. Firstly, the theoretical model of the system was analyzed, and then the
finite element analysis and simulation were carried out. The simulation results show that
the sensitivity of the coiled fiber ring is much higher than that of the ordinary straight fiber.
The acoustic emission signals induced by falling metal ball were detected simultaneously
by using the proposed SMI coiled fiber sensor and a commercial piezoelectric AE sensor. On
top of that, acoustic signals from ultrasonic transducers were captured and the interference
images of acoustic signals from two ultrasonic transducers were obtained. The experimental
results show that the SMI coiled fiber sensor has a comparative acoustic emission detection
capability to the piezoelectric sensor. Compared with the traditional AE measurement
system, it combines the advantages of optical fiber and SMI technology, i.e., this system is
simple in structure and high in measurement sensitivity. It can be used to measure acoustic
emission signals in order to detect early structural failures, providing a feasible low-cost
alternative to the existing piezoelectric AE sensors.
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