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Abstract: Acoustic Emission (AE) detection and, in particular, ultrasound detection are excellent
tools for structural health monitoring or medical diagnosis. Despite the technological maturity of the
well-received piezoelectric transducer, optical fiber AE detection sensors are attracting increasing
attention due to their small size, and electromagnetic and chemical immunity as well as the broad
frequency response of Fiber Bragg Grating (FBG) sensors in these fibers. Due to the merits of their
small size, FBGs were inscribed in optical fibers with diameters of 50 and 80 µm in this work.
The manufactured FBGs were used for the detection of reproducible acoustic waves using the
edge filter detection method. The acquired acoustic signals were compared to the ones captured
by a standard 125 µm-diameter optical fiber FBG. Result analysis was performed by utilizing fast
Fourier and wavelet decompositions. Both analyses reveal a higher sensitivity and dynamic range
for the 50 µm-diameter optical fiber, despite it being more prone to noise than the other two,
due to non-standard splicing methods and mode field mismatch losses. Consequently, the use of
smaller-diameter optical fibers for AE detection is favorable for both the sensor sensitivity as well as
physical footprint.
Keywords: acoustic emission detection; acoustic sensors; fiber Bragg gratings; optical fibers;
wavelet decomposition

1. Introduction
Acoustic Emission (AE) detection is a valuable technique with proven performance in both
non-destructive Structural Health Monitoring (SHM) [1] and medical diagnostics [2]. At present,
the industry standard for AE detection is considered to be the piezo-electric transducer. However,
in recent years, optical fibers have attracted considerable attention from researchers and industry
alike, as an alternative with numerous successful examples [3,4]. Optical fibers offer an attractive
platform for sensor deployment due to their small size (<150 µm) and weight, low cost, electromagnetic
interference immunity, and high temperature stability, and in the case of AE detection, they can also
provide a frequency response spanning from a few hertz up to tens of megahertz, accompanied by
high sensitivity or a high dynamic range as stated and summarized in several review papers [3,5–7].
Furthermore, optical fibers are also exploited as acoustically controlled optical devices, such as notch
filters [8].
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AE detection through optical fibers has been mainly realized using two types of devices: optical
fiber interferometers and Fiber Bragg Grating (FBG) sensors [5]. Optical fiber interferometers date back
to 1977 [9], and there has been considerable work in the literature concerning their design and sensitivity
optimization, with the most successful example of such a sensor being the Fabry–Perot cavity [10].
However, the majority of interferometric optical fiber AE detectors suffer from cross-sensitivity, due to
the fact that the incoming acoustic signal information is amplitude encoded and is prone to alteration
by factors such as cable bending, tension, temperature changes, etc. taking place far away from the
acoustic source. Fabry–Perot cavities, on the other hand, overcome this shortcoming but are lacking in
dynamic range, multiplexing capability and ease of handling.
The most successful implementation of an optical fiber AE detection sensor has been through
a Fiber Bragg Grating [11]. FBGs for AE detection were first proposed in 1996 [12], and since then,
numerous variations of both the FBG design as well as the sensing setup have been examined to
maximize the capabilities of the sensor. Important milestones in FBG AE detection technology have
been the introduction of π-shifted FBGs, which have been shown to extend the acoustic sensing range of
optical fibers beyond tens of megahertz [13], as well as advanced sensing techniques [14], which cancel
out noise and increase the dynamic range of the sensor. The implementation of novel optical fiber
designs has also contributed to increased ultrasonic sensitivities as shown by Yang et al. [15]. Moreover,
researchers have also examined a shift from fused silica optical fibers to novel, less stiff materials that
could potentially provide higher sensitivities in the ultrasonic range. Acoustic emission detection
sensors have been fabricated in polymethylmethacrylate (PMMA) [16–18] and CYTOP® [19] optical
fibers, which have demonstrated improved sensing capabilities, especially in the ultrasonic acoustic
range. Specifically, FBGs [20] and interferometric sensing modalities [16] have been used in PMMA
microstructured optical fibers, with reported frequency responses up to 3.5 and 10 MHz for the former
and the later, respectively. Moving from PMMA to CYTOP® optical fibers, recent publications report
the successful detection of ultrasonic frequencies up to 15 MHz [19,21]. In general, the acoustic
sensitivity of polymer optical fibers is at least one order of magnitude higher than that of silica optical
fibers [4]. In addition, towards the direction of exploring novel acoustic emission detection-enhancing
materials, there have been efforts in altering the external coating of fused silica optical fibers in order to
improve ultrasonic detection sensitivity [22] as well as novel optical fiber holder designs in order to
improve omni-directional sensitivity [23].
The effect of the optical fiber diameter on the sensitivity of optical fiber AE detection has been
studied in the literature, mainly in the context of tapered optical fibers or fibers where the cladding
was removed either mechanically or chemically. For instance, tapered optical fibers were used for AE
detection in Li et al. [24], but these were without FBG sensors on them and required special handling
and mounting, making them impractical for use outside the laboratory. Another approach undertaken
to reduce the optical fiber diameter was the grinding of the fiber cladding, resulting in D-shaped optical
fibers that were later exposed to laser irradiation to inscribe FBGs [25]. This approach, again, resulted
in a fragile detector head, making it less appealing for practical-use-case scenarios. Finally, the optical
fiber diameter has been reduced by means of etching with Hydrogen Fluoride (HF), a time-consuming
and hazardous procedure [26]. Notwithstanding the non-practical nature of the previous processes,
clear advantages in AE detection sensitivity have been reported for the miniaturized sensors.
In the present work, FBGs were inscribed in commercially available photosensitive optical fibers
of 50 and 80 µm cladding diameters and tested for AE detection, while comparing performance to a
commercially fabricated FBG (in 125 µm-diameter optical fibers) with similar spectral characteristics.
The results show an advantage of the 50 µm optical fiber in detecting higher ultrasonic frequencies
than the larger-diameter optical fibers, as well as a higher sensitivity throughout the whole ultrasonic
range, under the given testing conditions. The direct inscription of FBGs in commercially available
optical fibers is a convenient means of utilizing the benefits of smaller-diameter optical fibers in AE
detection without resorting to complex fiber diameter reduction methods.
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height stainless steel rod along with its base plate was placed at a distance of 260 mm from the FBG.
Acoustic waves were produced by lifting the rod to a specific height (h = 50 mm) and releasing it
free to impact the base plate. This technique produced similar acoustic waves incoming to the FBG
holder. A metallic solid impact on a massive body has been extensively used in the literature as a
source of stress/acoustic waves [33,34], and it is often preferred to the ASTM standard pencil lead
break test [35]. In this work, at least 6 drops of the rod were realized for each tested FBG, and a Fast
Fourier
Transformation
(FFT)
of the acquired signals revealed excellent overlap of the detected acoustic
Sensors 2020,
20, x FOR PEER
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frequencies across the different tests, with amplitude variations of less than 9%.
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spectrum of all three FBGs is presented
Figure

The in-house-fabricated FBGs overlapped spectrally, as they were manufactured using the same
phase mask and similar inscription conditions. The bold red lines in Figure 3 are the slopes
representing the linear response FBG range, with the arrows next to them denoting the calculated
slope value. The linear response FBG range is defined as the spectral range either side of an FBG
spectrum for which a linear fit can be performed with a coefficient of determination better than 0.98
and that covers at least 50% of the maximum FBG reflectivity. The reflectivity for all three FBGs lies
in the range of ~ 70% to ~ 80%. To preserve similar spectral responses, the FBGs were mounted to the
U-shaped PMMA holder by applying the same amount of strain, regulated with magnetic weights
used during the optical fiber mounting. The optical fiber was clamped on one side of the PMMA
holder, which was placed in a vertical orientation. On the free hanging part of the optical fiber,
magnet pairs of three different predetermined weights were placed in order to apply a similar
amount of strain to the optical fibers with three different diameters (see Equation (1)). Then, the fiber
was clamped on the other side of the holder, the magnets were removed, and the holder was
positioned in a horizontal orientation as shown in Figure 2.
Figure 3.
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µm-diameter
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3.2. Raw Acoustic Signal and Fast Fourier Transformation
The optical fiber mounted on the U-shaped holder resembles the acoustic behavior of a rod
attached to a spring-mass setup, an analogy that was used for modeling a similar system by Beadle
et al. [36]. They showed that the longitudinal strain

( , )

excreted in the optical fiber is inversely
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The in-house-fabricated FBGs overlapped spectrally, as they were manufactured using the same
phase mask and similar inscription conditions. The bold red lines in Figure 3 are the slopes representing
the linear response FBG range, with the arrows next to them denoting the calculated slope value.
The linear response FBG range is defined as the spectral range either side of an FBG spectrum for
which a linear fit can be performed with a coefficient of determination better than 0.98 and that covers
at least 50% of the maximum FBG reflectivity. The reflectivity for all three FBGs lies in the range
of ~70% to ~80%. To preserve similar spectral responses, the FBGs were mounted to the U-shaped
PMMA holder by applying the same amount of strain, regulated with magnetic weights used during
the optical fiber mounting. The optical fiber was clamped on one side of the PMMA holder, which was
placed in a vertical orientation. On the free hanging part of the optical fiber, magnet pairs of three
different predetermined weights were placed in order to apply a similar amount of strain to the optical
fibers with three different diameters (see Equation (1)). Then, the fiber was clamped on the other side
of the holder, the magnets were removed, and the holder was positioned in a horizontal orientation as
shown in Figure 2.
3.2. Raw Acoustic Signal and Fast Fourier Transformation
The optical fiber mounted on the U-shaped holder resembles the acoustic behavior of a rod attached
to a spring-mass setup, an analogy that was used for modeling a similar system by Beadle et al. [36].
∂ω(x, t)
They showed that the longitudinal strain
excreted in the optical fiber is inversely proportional
∂x
to the optical fiber cross-section (see Equation (1) in Beadle et al. [36]):
∂ω(x, t)
F
∝
∂x
ρAL2

(1)

where F is the acoustic radiation force, and ρ, A and L are the optical fiber density, cross-section and
clamped length, respectively. Evidently, as the optical fiber diameter decreases, the applied strain
increases, enhancing the sensor sensitivity.
The waveforms acquired after the impact of the rod for the three optical fiber diameters are
presented in the left-hand column of Figure 4. The acquired waveforms were the sum of both airborne
and structural shockwaves originating from the rod impact to the massive body. As the optical
fiber surface was very small, the main source of the acquired signal was structural shockwaves, and,
in particular, it was the transfer function of the PMMA optical fiber holder that coupled the incoming
shockwaves to the optical fiber. As all the tests were undertaken under the same conditions, this
transfer function was considered to be the same for all three different diameter optical fibers, and hence,
the experimental results between them are comparable.
Based on Figure 4, two main features are readily observed in the waveforms. First, the spectral
density of the 50 µm optical fiber is higher as compared to the other two. The acoustic impedance of a
cylindrical rod can be estimated using [37]:
Z f = 2c f ρ f A f

(2)

where cf is the speed of the acoustic waves excited by the holder vibration, ρf is the optical fiber
density and Af is its cross-sectional area. Therefore, due to the direct proportionality of the acoustic
impendence to the optical fiber cross-section, the smallest fiber of the group (50 µm) was expected
to have an impendence that is 84% lower than that of the 125 µm-diameter fiber, resulting in higher
sensitivities across the whole acoustic spectrum.
Second, the amplitude of the signal was stronger for the larger fiber and decreased with the fiber
diameter. The reasons for this behavior are twofold. First, the optical fibers were spliced to standard
telecommunications optical fibers. The smaller optical fiber cores had sizes and compositions different
to those of the standard optical fiber. As a result, there was a difference in the Mode Field Diameter
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The observation of the FFT graphs also shows a clearly higher noise level for the 125 µm optical
fiber in the whole range > 100 kHz, as compared to the two smaller optical fiber diameters. This is
evidenced by the higher mean signal value across the whole signal range above 100 kHz. A useful
quantification of this noise level can be derived by calculating the signal-to-noise ratio (SNR) for some
characteristic ultrasonic frequencies. The SNR was calculated using the following formula:
SNRdB = 10log10

Psignal

!
(3)

Pnoise

where Psignal and Pnoise are the signal and noise levels of the acquired waveform FFT on a linear
scale. Pnoise is calculated as the median amplitude value where no discrete signal can be identified.
Psignal is the amplitude of a frequency that exhibits at least a 20% higher amplitude than the noise level.
SNRdB is the signal-to-noise ratio expressed in decibels (dB). The results are summarized in Table 1.
The frequencies presented in this Table were also found to be excited when the optical fiber sensor
was mounted vertically, i.e., with the optical fiber axis perpendicular to the metallic table, and are
therefore considered to be representative of optical fiber FBG sensitivity irrespective of the optical fiber
sensor orientation.
Table 1. Summary of signal-to-noise ratio values for different ultrasonic frequencies detected by the
three optical fibers of different diameters.
Frequency (kHz)
298.4
596.7
962.7
1546.6
2217.6

Signal-to-Noise Ratio (SNR in dB) for Optical Fibers with Diameter:
125 µm

80 µm

50 µm

2.83
2.29
1.48
3.20
NA

6.42
5.46
2.34
3.40
NA

7.90
7.59
4.86
3.45
2.41

3.3. Wavelet Decomposition
Compared to their piezoelectric counterparts, FBG sensors have the notable advantage of
detecting acoustic frequencies from a few hertz up to megahertz, i.e., over an extended detection range.
Therefore, to compare the performance of the three optical fiber diameters, it is beneficial to use wavelet
decomposition to visualize the sensitivity of the FBG sensor in different frequency ranges and obtain
the time–frequency characteristics of the dynamic range. In this case, the characterization was carried
out via discrete wavelet packet transform (DWPT) [40]. DWPT was specially developed to operate
with non-stationary signals, thus having an advantage over classical Fourier decomposition [40], as it
better suits the nature of the acoustic signals in this experiment.
The idea behind wavelet transform is the recurrent decomposition of the signal according to the
following terms (general wavelet formalism) [40]:
ϕ j+1 (n ) =

X√

2h0 (r)ϕ j (2n − k),

k⊂Z

(4)

r

ψ j+1 (n ) =

X√
2h1 (r)ϕ j (2n − k)

k⊂Z

(5)

r

√
where 2 is a scaling factor; h0 and h1 are the low- and high-pass wavelet filters, respectively; r is
the filter length (e.g., the number of filter coefficients); j is the decomposition level (see Figure 5
y-axis); n is the specific time stamp of the sampling point or the wavelet coefficient in the time domain
(i.e., see Figure 5 x-axis); and k is an offset. The output of Equations (4) and (5) is the low- and high-pass
contents of the signals. In DWPT, these results are recurrently passed through Equations (4) and (5),
while obtaining information about different frequency bands.

frequency bands. Under such circumstances, changes in the signal frequency and intensity read by
the sensor are visualized at varying energy distributions across different frequency bands, providing
a ”response map” as shown in previous work [41,42]. The resulting spectrograms of the three
different-diameter optical fiber sensors derived from the wavelet decomposition are presented in
Figure 5. The acoustic spectra used as input for the DWPT analysis are those already presented in
Sensors 2020, 20, 6511
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Figure 4 (left column).

5. Spectrograms
acquired
discrete
wavelet
packet
transform
forthree
the three
differentFigureFigure
5. Spectrograms
acquired
usingusing
discrete
wavelet
packet
transform
for the
different-diameter
diameter
optical
fiber
FBG
sensors.
optical fiber FBG sensors.

The
intensity
values inenergy
the spectrograms
of Figure 5 are
in relative
unitsto(see
the color bar
onsensor’s
the
In this
work,
the relative
from the frequency
bands
was used
characterize
the
right of Figure 5). However, since the acoustic stimulus was similar for all three optical fiber
sensitivity to the acoustic stimuli. The relative energies were computed as:

diameters, we can compare the responses between the three sensors. The noise level of the acoustic
signal is found in the spectrograms of Figure 5 beforeEthe
time stamp 0 s, i.e., before the acoustic wave
j (n)
arrived at the sensor. The noise level mainly
spanned
ρnormj,n
= 9–15 decomposition levels, while the acoustic (6)
Etotal
signal lay between 0 and 9 decomposition levels. It is worth
mentioning that the noise level remained
P (time2span < 0 s) and after (time span ≥ 0 s) the acoustic wave arrival.
similar before
) = ψ j (n) is the of
where E j (n
energy
of a specific frequency band at scale j (see the z-axis in Figure 5),
A visual investigation
the spectrograms shows a better sensitivity of the 50 μm sensor to high
n is the
time
stamp
as
in
Equations
(4)
and in
(5)the
and
Etotal
is the of
total
energybands
accumulated
over all
frequencies, and evidence of this is visible
larger
number
frequency
with elevated
the frequency
bands.
Under
such
circumstances,
changes
in
the
signal
frequency
and
intensity
energies at higher decomposition levels (see the decomposition levels from 1 to 8). The 80 and 125
read by
sensor
visualized
atavarying
energy
distributions
across different
frequency
bands,
μmthe
optical
fiberare
sensors
exhibited
lower density
of states
(detected frequencies)
with lower
energies
(lowera sensitivity).
the attenuation
ofwork
the higher
frequencies
in the 50
μm sensor was
providing
”response Additionally,
map” as shown
in previous
[41,42].
The resulting
spectrograms
of the
lower
as
compared
to
that
in
the
other
two
sensors,
as
already
evidenced
by
the
detection
of
the
2.2
three different-diameter optical fiber sensors derived from the wavelet decomposition are presented in
peakacoustic
in the Fourier
analysis.
FigureMHz
5. The
spectra
used as input for the DWPT analysis are those already presented in
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The intensity values in the spectrograms of Figure 5 are in relative units (see the color bar on the
right of Figure 5). However, since the acoustic stimulus was similar for all three optical fiber diameters,
we can compare the responses between the three sensors. The noise level of the acoustic signal is
found in the spectrograms of Figure 5 before the time stamp 0 s, i.e., before the acoustic wave arrived
at the sensor. The noise level mainly spanned 9–15 decomposition levels, while the acoustic signal lay
between 0 and 9 decomposition levels. It is worth mentioning that the noise level remained similar
before (time span < 0 s) and after (time span ≥ 0 s) the acoustic wave arrival.
A visual investigation of the spectrograms shows a better sensitivity of the 50 µm sensor to high
frequencies, and evidence of this is visible in the larger number of frequency bands with elevated
energies at higher decomposition levels (see the decomposition levels from 1 to 8). The 80 and 125 µm
optical fiber sensors exhibited a lower density of states (detected frequencies) with lower energies
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(lower sensitivity). Additionally, the attenuation of the higher frequencies in the 50 µm sensor was
lower as compared to that in the other two sensors, as already evidenced by the detection of the
2.2 MHz peak in the Fourier analysis.
The quantification of the information derived from the spectrograms clearly shows the performance
differences between the three sensors. In particular, the response of the sensors depended on the optical
fiber diameter and increased by several orders of magnitude for the smallest-diameter optical fiber as
compared to the largest one (see the maximum intensity value color bar scale of Figure 5, where the
noise levels 9–15 are not taken into account). The sensor’s response here was evaluated as the energy
stored inside the wavelet frequency bands. The maximum sensor response values for the 125, 80 and
50 µm optical fiber FBGs were 9.51 × 10-8 , 1.13 × 10-7 and 3.54 × 10-6 , respectively. The dynamic range
of the sensors was evaluated as the maximum and the minimum energy values stored in the wavelet
frequency bands (again, excluding the noise level that was observed above the eighth decomposition
level in the spectrograms in Figure 5). It was also observed that the dynamic range of the sensors
differed significantly for the same acoustic distortion. Again, for the 125, 80 and 50 µm optical fiber
FBGs, the dynamic range exhibited differences of 0, 2 and 9 orders of magnitude, as evidenced by the
difference in the intensity level of the detected frequencies (see the difference between the maximum
and minimum value in the z-axis of Figure 5, i.e., the color map).
4. Conclusions
In this work, a sensitivity analysis of FBGs in optical fibers with diameters of 125, 80 and 50 µm
was performed for acoustic emission detection using a setup based on the edge filter detection method.
The results show a significant advantage in using smaller optical fiber diameters for ultrasonic detection.
The reason is that they offer both a higher sensitivity across the whole acoustic range and a higher
dynamic range. This was demonstrated by the capability to detect ultrasound at higher frequencies than
those detectable with larger optical fiber diameters. Fast Fourier transform and wavelet decomposition
analyses were used to derive quantitative information on the sensors’ performance. It was found that
both analyses agreed on the performance advantage of the 50 µm optical fiber in AE detection. However,
wavelet decomposition provides additional advantages—in particular, the sensitivity and dynamic
range mapping of the sensor over the full frequency response range. Hence, wavelet decomposition can
be seen as a useful tool for both qualitative and quantitative sensor performance evaluation. A further
performance increase in terms of the AE detection sensitivity of the 50 µm-diameter optical fiber can be
obtained by improving the connection of such optical fibers to standard-diameter fibers, the reduction
of mode field diameter mismatch losses and by optimizing the optical fiber holder design. A further
improvement of the small-diameter optical fiber sensitivity is expected to be achieved by moving from
silica optical fibers to polymer optical fibers, due to their inherently higher AE detection sensitivity.
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