IT City Research Online
UNIVEREIST%( ]OggLfNDON

City, University of London Institutional Repository

Citation: Zhang, H., Wu, Q., Su, X., Guo, J., Xiong, K., Sun, T. & Grattan, K. T. V. (2023).
Cantilevered microfiber Bragg Grating sensor with high ultrasonic sensitivity and designable
resonant frequency. Journal of Lightwave Technology, 41(22), pp. 7029-7035. doi:
10.1109/j1t.2023.3296616

This is the accepted version of the paper.

This version of the publication may differ from the final published version.

Permanent repository link: https://openaccess.city.ac.uk/id/eprint/31402/

Link to published version: https://doi.org/10.1109/jt.2023.32966 16

Copyright: City Research Online aims to make research outputs of City,
University of London available to a wider audience. Copyright and Moral Rights
remain with the author(s) and/or copyright holders. URLs from City Research
Online may be freely distributed and linked to.

Reuse: Copies of full items can be used for personal research or study,
educational, or not-for-profit purposes without prior permission or charge.
Provided that the authors, title and full bibliographic details are credited, a
hyperlink and/or URL is given for the original metadata page and the content is
not changed in any way.



City Research Online: http://openaccess.city.ac.uk/ publications@city.ac.uk



http://openaccess.city.ac.uk/
mailto:publications@city.ac.uk

Cantilevered microfiber Bragg Grating sensor with
high ultrasonic sensitivity and designable resonant
frequency

Hangi Zhang, Qi Wu, Xiangroug Su, Jun Guo, Ke Xiong, Tong Sun and Kenneth T V Grattan

Abstract—A cantilevered microfiber Bragg grating (CMFBG)
sensor with high sensitivity and resonant frequency which can be
designed as required, has been proposed and demonstrated using
experimental, theoretical, and simulation methods. The CMFBG
design can have a variable cross-section, and has been created to
operate by receiving ultrasonic guided waves through the adhesive
used. This allows for the formation of standing waves, when the
wave is reflected from the end of the device, and also allows for
concentrating the ultrasonic energy using the small fiber diameter
that forms the device. Compared to a cantilevered conventional
fiber Bragg grating, the CMFBG design proposed demonstrates a
significant increase in signal amplitude of 227% for a chirp
ultrasonic input and 204% for a pencil lead break input. The
device exhibits a detuning phenomenon as its resonant frequency
difference differs from that of the standing wave with the
cantilevered fiber Bragg grating. In addition, the research carried
out has shown that the geometric parameters of the CMFBG
design, such as the diameter and the length ratio (between the
waist and the taper regions), influence the ultrasonic sensitivity
and the resonant frequencies observed.

Index Terms—Optical fiber sensor, Bragg grating, ultrasonics,
amplifiers, cantilever beams

I. INTRODUCTION

Itrasonic detection is receiving considerable interest for

use in many applications such as structural health
monitoring, quality control, and material testing [1]. However,
an ultrasonic signal in a large-scale structure typically
propagates over long distances but attenuates significantly,
leading to a weak amplitude being detected and poor signal-to-
noise ratio [2]. For example, detecting ultrasonic signals in full-
size aerospace structures using traditional ultrasonic sensors is
challenging [3]. Hence, improving the characteristics of
ultrasonic devices is a crucial requirement for better sensing
performance.

Traditional ultrasonic sensors are usually made from lead-
zirconate-titanate (PZT) [4], and can be divided into
‘broadband’ and ‘resonant’ types, according to their response
characteristics [5]. The broadband sensor is advantageous for
detecting signals from sources with unknown frequencies,
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ensuring that the bandwidth covers the frequencies that are
likely to occur and be detected [6]. In contrast, the resonant
sensor usually has a higher sensitivity than the broadband
sensor around its resonant frequencies and thus is suitable for
the detection of signals of pre-determined frequency. For
example, resonant sensors can be applied to acousto-ultrasonic
detection, which gives the desired input signal to these
structures [7]. However, PZT has some drawbacks for routine
use, such as large bulk size and sensitivity to stray
electromagnetic interference, hindering its performance in
practical applications [8]. The Fiber Bragg Grating (FBG) is an
alternative approach as the basis of an effective ultrasonic
sensor, as it does not show the drawbacks inherent with the PZT
[9], [10]. However, the ultrasonic sensing performance of a
normal FBG is insufficiently high to allow for the detection of
weak signals.

A range of different methods have been proposed to improve
the ultrasonic sensitivity of the FBG. For example, phase-
shifted FBGs (PSFBGs) have been proposed as the basis of a
high-sensitivity broadband sensor [11], [12]. The sharp slope of
their performance characteristics and the narrow full width at
half maximum seen cause a limited dynamic range, which then
requires a high-performance demodulation technique to
compensate for even a small degree of environmental
fluctuation, such as is caused by temperature excursions and
static strain. A similar trade-off between the dynamic range and
the sensitivity is also found in superstructured gratings [13]. To
tackle this limitation in the system optical design, a microfiber
Bragg grating (MFBG) has been proposed, taking advantage of
the mechanics of the device [14] where the MFBG amplifies the
ultrasonic signal by gathering the ultrasonic energy using the
small diameter of the fiber. This provides a simple way to
improve the sensitivity, while retaining the high dynamic range
of a normal FBG.

In addition to these broadband FBG sensors, several types of
resonant FBG sensors have also been studied, such as the
cantilevered FBG (CFBG) [15], [16]. As one end of the CFBG
is fixed and the other end is free, this creates a short cantilever
beam, where the direct wave and the reflected wave can
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interfere with each other in the cantilever beam and thus can
form a standing wave. Subsequently, the magnitude exhibits a
marked augmentation around the resonant frequency of the
standing wave. However, the CFBG has limited sensitivity
adjustability and relies only on the length of the beam to
determine the resonant frequency, posing difficulties in further
improving the sensitivity or achieving a desired resonant
frequency, and consequently hindering the overall sensing
performance of the sensor. Hence, there is a crucial need to
develop a new and effective FBG-based resonant sensor to
enhance the sensing performance and control both the
sensitivity and resonant frequency.

In this study, a new design of a cantilevered microfiber Bragg
grating (CMFBG) sensor is proposed and discussed. The sensor
has a high sensing performance in the ultrasonic domain, where
the key sensing characteristics (including sensitivity and
resonant frequency) can be controlled by appropriate design of
the geometric parameters of the system. To illustrate this best,
this paper is organized as follows: Section Il introduces the
manufacturing method and experiments on the CMFBG;
Section 11l provides a theoretical and simulation verification,
and the effects of the geometric features of the design on
sensitivity and the resonant frequency are described in Section
IV. Finally, the key conclusions of the work are presented in
Section V.

Il. EXPERIMENT

A. Design of CMFBG

The CMFBG used in this study was fabricated from a
‘normal” FBG using a recently developed chemical etching
method [17]. The diameter of FBG was then 125 pm, after
removing the coating, and the grating length was 5 mm. A part
of the optical fiber (with a length of 10.5 mm where the grating
had been written) was etched using a 5 mol/L NaOH solution
in a hydrothermal reactor, which was placed into a high-
temperature test chamber. The maximum temperature of the
chemical etching process was set at 120 <C, and the holding
time in it was controlled, with the aim of achieving the desired
diameter of the CMFBG. As shown in Fig. 1(a), the spectrum
of the CMFBG is not distorted, and the corresponding slope of
the linear region is 6.18 nm, approximating to the initial value
of 6.39 nm™. Fig. 1(b) shows such a CMFBG, with in this case
a diameter of 35 um. The cantilever beam of the CMFBG
includes a part of the pigtail (with a length of 2 mm), a taper
region (with a length of 2.25 mm), and a waist region (with a
length of 8.25 mm). Unlike the common cantilevered
measurement method, in which the length of the cantilever
beam is literally infinite [14], the cantilever beam of the
CMFBG considered is short as, in this experiment, the length
was only 12.5 mm. In the work described in the following,
CMFBGs with diameters of 35 pum are referred to as a ‘35 um
CMFBG’, the diameter of the CMFBG is described by D, and
the length of the taper region and waist region are termed Lt and
Lw, respectively.

Fig. 1(c) shows the schematic diagram of the ultrasonic
sensing approach using the CMFBG developed above. The

ultrasonic wave propagates from the adhesive (shown in red on
the figure) into the optical fiber and thus transfers into a
longitudinal and transverse wave, propagating through the
cantilever beam with no dispersion as optical fiber can be
regarded as a string-like waveguide [5]. The wave is then
reflected from the end of the waist region and passes through
the cantilever beam again. The direct and reflected waves
shown in the figure, with the same frequency and opposing
direction continuously traverse between the fixed and free ends,
resulting in the formation of a standing wave. Differing from
the normal standing wave of the CFBG, the standing wave
propagating in the CMFBG is amplified and detuned, a feature
which will be investigated later.
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Fig. 1. Schematics of the CMFBG set up used (a) Spectrum of the CMFBG. (b)
Microphotography of the CMFBG (with diameter of 35 pum). (c) lllustration of
the ultrasonic wave propagating in the cantilever beam and the standing wave.

B. Experimental setup
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Fig. 2. Ultrasonic system for comparison of CMFBG and CFBG when the input
was excited by MFC and PLB.

The acousto-ultrasonic test was conducted on an aluminum
plate with dimensions of 250 <250 <1 (L xW >xH) mm?, this
being used to demonstrate the characteristics of the CMFBG,
by comparing the performance to a ‘normal’ FBG, as shown in
Fig. 2. The excitation system of acousto-ultrasonic test contains
a function generator (Agilent 33521A), a power amplifier
(Aigtek, ATA-43151), and a macro fiber composite (MFC)



(Smart Material, M-0714-P2) sensor [18]. The function
generator generated a chirp signal, the frequency of which was
swept from 10 to 1000 kHz (over a time of 0.1 ms) with a peak-
to-peak voltage of 10 V [19]. Then, the signal was amplified
(by 6 times) using the power amplifier and it was input into the
aluminum plate through the MFC. The distance between the
excitation and the adhesive point of CMFBG was 100 mm. In
addition, a pencil lead break (PLB) test, which is known as a
Hsu-Nielsen source [20], was also performed to investigate the
potential of the CMFBG in acoustic emission test. A 2-mm
length pencil lead was broken on the surface of the aluminum
plate to induce a simulated acoustic emission signal with a
small energy.

The CMFBG sensing system output was demodulated using
the edge filter method [10]. A tunable laser signal (Santec,
TSL710, with an output power of 3 dBm) was used to illuminate
the system. The wavelength of the laser was locked at the 3 dB
position in the linear region of the CMFBG. This position has
the highest slope, and thus a slight wavelength shift induced by
the ultrasonic signal can cause a significant change in the
reflected optical power. The optical power was then output to
the photodetector (Thorlabs, PDA10CS2) and converted to a
voltage signal, which is recorded using an oscilloscope
(Keysight, DSOX2004A). In addition, the signals from a
reference CFBG were also demodulated, using the same setup.

C. Experimental Results

Figs. 3(a) and (b) show the waveforms and the corresponding
spectra detected by the CMFBG and CFBG in the acousto-
ultrasonic test. The waveform received by the CMFBG was
significantly higher in amplitude than that of the CFBG. The
peak amplitudes of the received CMFBG and CFBG
waveforms were 37.6 and 11.5 mV, indicating that the CMFBG
showed a 227% increase over that for the CFBG. The amplitude
of the CMFBG received signal was also obviously higher than
that of the CFBG received signal in the frequency domain. The
signal-to-noise ratios of the signals received by the CMFBG
and CFBG were 41.8 and 36.3 dB, respectively. The first three
resonant frequencies of the CMFBG are 150, 399, and 491 kHz,
and those of the CFBG are 105, 311, and 510 kHz. Unlike the
regular resonant frequency of the CFBG, the resonant
frequency of the CMFBG does not increase in simple multiples,
indicating a detuning resonant phenomenon is occurring. Hence,
the experimental result indicates that the ultrasonic sensitivity
of CMFBG was remarkably improved, compared with what
was seen from the CFBG. Moreover, the detuned resonant
frequency of the CMFBG could be observed, the characteristics
of which can be specifically designed by controlling the
geometric parameters of the setup (as will be discussed in detail
below). The PLB test was repeated more than three times, and
all the results indicate that the CMFBG is superior to the CFBG
in terms of sensitivity. Fig. 3(c) and (d) present a typical result
of the PLB test. The peak amplitudes of PLB signal received by
the CMFBG and CFBG are 42.2 and 13.9 mV, suggesting that
the CMFBG shows a 204% increase compared to the CFBG.
Therefore, the CMFBG also has an outstanding ultrasonic

sensing performance seen in the PLB test, illustrating its
potential to be applied to acoustic emission.
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Fig. 3. Ultrasonic signals received by the CMFBG and CFBG in the time
domain excited by (a) the MFC and (b) the corresponding spectra obtained and
(c) the PLB and (d) the corresponding spectra obtained.

Furthermore, the ultrasonic sensitivity of the sensor is
evaluated. In the cantilever structure, the Bragg wavelength
shift Ads is proportional to the input strain ¢, given as,

Ay =ahs @)
where a is a strain sensitivity of a conventional FBG with a
value of 1.2 pm/pe, and A is the amplification factor
representing the ratio of input and output strains of the
cantilever structure. As it is well known that the voltage of an
ultrasonic signal is proportional to the strain [14], A can be
written as,

A :Voutput / Vinput (2)

where Voutput IS the peak amplitude of the detected signal by the
CMFBG or CFBG, and Vinput is the peak amplitude of the
detected signal when an FBG is directly glued at the adhesive
point of the structure, which is demonstrated as 5.7 mV in an
experiment. Therefore, A is calculated as 6.60 and 2.02 for the
CMFBG and CFBG, respectively. The amplitude of an
ultrasonic signal Vs is given as [12],
V, =GR, PgAA 3)
where Rp is the response factor of the photodetector with a
value of 1.4 VImW; G is the grating slope, P is the input laser
power, and g is the gain setting of the amplifier, the values of
these three parameters can be found in the above sections. The
minimum detectable strain emin, is defined as the strain that
causes Vs with the same peak amplitude of noise V.
Substituting equation (1) into (3) yields
£ = Vi
" = 2AGR.Fg @
where Vn of the CMFBG or CFBG shows the same value of
0.028 mV because of the same demodulation system used.
Substituting the values of parameters into equation (4) yields
emin that is 0.20 ne and 0.65 ne to CMFBG and CFBG,



respectively. Hence, the CMFBG exhibits a higher sensitivity
than the CFBG.

I1l. THEORETICAL AND SIMULATION VERIFICATION

A. Ultrasonic theory of CMFBG

The ultrasonic resonant frequency of the CMFBG can be
theoretically described by using the ultrasonic transfer matrix
method, an approach which establishes the relationship
between the ultrasonic input and the output of the acoustic
structure using the matrix [21]. The CMFBG can be regarded
as a three-section acoustic structure composed of two uniform
cross-section structures (namely the waist region and the pigtail
of the CMFBG) and a conical structure (namely the taper region
of the CMFBG). The ultrasonic input and output of the CMFBG
can be expressed by the transfer matrix as follows,

{pwmm}:[E][TZ][TJR’“D“} ©)

output input

where p is the sound pressure, v is the particle velocity, and the
subscripts input and output indicate the input and output values,
respectively. [Ts], [Tz], and [T1] are the ultrasonic transfer
matrices of the waist region, taper region, and pigtail,
respectively. Then, the sound pressure level (SPL) transfer
function H can be defined as shown below where,

poutput

H =20lg (6)

input
Fig. 4 shows the illustration of H of the 35 um CMFBG
introduced in Section Il calculated by inputting the geometric
parameters of the set up into equation (5) and (6). Also, the H
value of the CFBG was calculated. The frequencies
corresponding to the peak value of H indicate the resonant
frequencies of the sensor. Thus, the first three theoretical
resonant frequencies of the CMFBG were 146, 394, and 496
kHz, and those of the CFBG were 106, 317, and 528 kHz. The
theoretical resonant frequency of the CFBG increases in clear
multiples, fitting well to fundamental vibration differential
equations [5]. Compared to the CFBG (whose resonant
frequency depends only on the length of the cantilever beam),
the resonant frequency of the CMFBG was influenced by
multiple parameters and can be controlled more flexibly.
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Fig. 4. SPL transfer function of the 35 pm CMFBG and CFBG.

B. Ultrasonic simulation of CMFBG

The finite element method (FEM) was also employed in the
work carried out to investigate the sensing performance of the
CMFBG, by using LS-DYNA software. In the FEM model
shown in Fig. 5, the aluminum plate was simulated having
dimensions of 25 x2 x1 (L xW xH) mm? (these being chosen
to shorten the calculation time needed). The geometrical
parameters of the CMFBG model were the same as those of the
CMFBG used in the experiment carried out. The adhesive
region used was 5 mm in length, where this connects the
aluminum plate and the pigtail. In addition, the boundary
conditions of the plate and the end of the pigtail were set to be
non-reflective (referenced to the actual dimension of the plate
and pigtail of the CMFBG). The material properties used were
taken from data published [22]. The input signal was the same
chirp signal as in the experiment, and was loaded at the position
marked in the figure. In addition, a model of the CFBG was also
simulated and results compared.

(@)

,,//

xi /
[T Waist region Il Adhesive
= I Taper region || Aluminum

[ Pigtail

CMFBG CFBG

Fig. 5. (a) Diagram of the parameters of the finite element model. (b) Models
of the CMFBG and the CFBG used.
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Fig. 6. Simulated signals received by the CMFBG and the CFBG (a) in the time
domain and (b) in the frequency domain.

Fig. 6(a) shows the results of the simulation of the CMFBG
and the CFBG, extracted from the neural axis of the waist
region (as our previous study demonstrated that the axial strain
of the elements on the neural axis of the optical fiber model
represents the key response of the sensor [14]). The waveforms
are not closely similar to those seen from the experimental



results because of the shortened simulated propagation distance,
the frequency characteristics of the actuator, and the adhesive
conditions, where it is difficult for these to be completely
consistent with the experiment. However, given that, the
simulated ultrasonic sensing performance of the CMFBG and
the CFBG agrees well with the experimental results. The
received waveform at the CMFBG has a higher amplitude than
the received signal at the CFBG, suggesting the superior
ultrasonic sensitivity of the CMFBG. Fig. 6(b) presents the
results of the simulation in the frequency domain where the
amplitude of the CMFBG is also higher than that of the CFBG
in the frequency domain. The first three simulated frequencies
of the CMFBG were 156, 393, and 513 kHz, and those of the
CFBG were 110, 330, and 550 kHz. The different resonant
characteristics of the CMFBG and the CFBG used were clearly
observed in the simulation results.

C. Comparison of the Characteristics
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Fig. 7. Comparison of signal amplitudes obtained by the acousto-ultrasonic test
and simulation.
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Fig. 7 shows the peak amplitudes of the ultrasonic signals in
the time domain extracted from the experimental and
simulation results obtained. The amplitudes were normalized
with reference to the amplitude of CMFBG for a better
comparison and exhibits similar results. Fig. 8 shows the first

three resonant frequencies extracted from the experimental,
theoretical, and simulation results obtained. It is clear from the
results obtained that the experimental resonant frequencies
were consistent with the theoretical and simulation resonant
frequencies, as the errors between the results of the experiment
and the other two methods were less than 4.6% and 7.9%,
respectively. This high level of agreement indicates the
reliability of the results. Finally, the sensitivity and the resonant
frequency of the CMFBG were further investigated, with a view
to enhance the design of the sensor.

V. DISCUSSION OF GEOMETRIC PARAMETERS

A. Ultrasonic sensitivity

The geometry of CMFBG was mainly determined by the
parameters D and Lw/L:. Tables 1 and 2 display the parameters
(of the variable D and Lw/L:) of the CMFBG, respectively. Table
1 includes 6 models, in which the diameter increases from 20 to
125 pm. Lw and Lt used in the models were 2.25 and 8.25 mm,
thus Lw/L: was 3.67, except for Model 6. Here Model 6 has a
diameter of 125 um, corresponding to the normal CFBG, which
does not have a taper region. Table 2 contains 5 models, in
which Lw and L: change from 6.25 to 10.25 mm and from 4.25
to 0.25 mm, respectively. The corresponding values of Lw/Lt in
the models vary from 1.47 to 41 and the diameter used in the
models was 35 pum. In particular, the total length of the waist
region and the taper region remained at 10.5 mm, and the length
of the cantilever beam was fixed at 12.5 mm in these models.
The ultrasonic sensing characteristics of the CMFBG (with
varying values of D and Lw/L:) were investigated only by
introducing these parameters in Tables 1 and 2 into the
simulation methods, as the reliability of the simulation has been
verified in Section 1lI.

TABLE 1
VARIABLE D FOR THE CMFBG
Parameter Model
1 2 3 4 5 6
Lt (mm) 2.25 2.25 2.25 2.25 2.25 0
Lw (mm) 8.25 8.25 8.25 8.25 8.25 10.5
D (um) 20 30 35 40 50 125
TABLE 2
VARIABLE Lw/Lt FOR THE CMFBG
Parameter Model
1 2 3 4 5
Lt (mm) 4.25 3.25 2.25 1.25 0.25
Lw (mm) 6.25 7.25 8.25 9.25 10.25
Lw/Ls 1.47 2.23 3.67 7.4 41
D (um) 35 35 35 35 35

Fig. 9 shows the simulation results achieved when varying D
and Lw/Lt in the time domain. The waveforms decrease with the
increase of the value of D, however, there is no clear trend seen
in the waveforms as Lw/L: varies. Fig. 10(a) shows the
normalized peak amplitude when the value of D increases,



which has a linear downward trend with the slope of -0.0066
and R? of 0.93. Thus, the ultrasonic sensitivity of the CMFBG
can be linearly controlled by adjusting the value of D. Fig. 10(b)
shows the normalized peak amplitude when the value of Lw/Lt
increases. Although the peak amplitude shifts irregularly with
the change of Lw/L:, the maximum difference in the peak
amplitude is only 27.7%. Hence, the influence of Lw/L: is
negligible, illustrated when designing the ultrasonic sensitivity
of the CMFBG, as this effect is much smaller than that due to
the change in the value of D.
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Fig. 9. Simulation results of CMFBG in the time domain when the (a) D
increases from 20 pm to 125 pum and (b) Lw/L: increases from 1.47 to 41.
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B. Resonant frequency
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Fig. 11. Simulation results for the CMFBG in the frequency domain when the
(a) D increases from 20 um to 125 pm and (b) Lw/L: increases from 1.47 to 41.

The simulation results achieved when varying D and Lw/Lt in
the frequency domain are shown in Fig. 11. The shift of the
resonant frequency with the changing values of D and Lw/L: can
be clearly observed. The solid lines in Fig. 12(a) show the first
three resonant frequencies of CMFBG when the value of D
increases. The linear fitting was carried out and the slopes of
the first three resonant frequencies were -0.513, -0.762, and
0.407, and the corresponding R? values were 0.99, 0.93, and
0.99, respectively. The solid lines in Fig. 12(b) show the first
three resonant frequencies of the CMFBG when the value of
Lw/Lt varies, which changes dramatically before the value of
Lw/L: of 7.4, and then becomes stable when the value of Lw/Lt
reaches 7.4.
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Fig. 12. Simulation and theoretical resonant frequencies seen when the (a) D
increases from 20 pm to 125 pm and (b) Lw/L: increases from 1.47 to 41.

The theoretical resonant frequency is also calculated. The
dashed lines in Fig. 12(a) show the theoretical resonant
frequency for the situation where D increases, which is highly
consistent with the results of the simulation resonant frequency,
with an error being below 7.0%. The slopes of the linear fitting
of the theoretical results were -0.443, -0.936, and 0.373, and the
corresponding R? values were 0.99, 0.92, and 0.99, which are
similar to the simulation results. Hence, the theoretical and
simulation analysis illustrates that the resonant frequency of the
CMFBG was linearly related to the value of D, and therefore,
the resonant frequency can be designed precisely in the sensor
by adjusting the value of D. The dashed lines in Fig. 12(b)



present the theoretical resonant frequency seen when Luw/L:
increases, this being in good agreement with the resonant
frequency seen from the simulation. The error between the
theoretical and simulation frequency is less than 6.9%.
Therefore, both the simulation and the theoretical analysis
reveal that even a small change in the value of Lw/L: can result
in an evident shift in the resonant frequency of the CMFBG,
that is, the resonant frequency can be effectively controlled by
adjusting the value of Lw/Lt in the sensor, when Lw/L: is less than
7.4.

V. CONCLUSION

In this study, a CMFBG sensor consisting of variable cross-
section optical fiber has been proposed and demonstrated. The
signal amplitude obtained from a 35 um CMFBG, which was
manufactured through the chemical etching method, showed a
remarkable increase of 227% and 204% in the acousto-
ultrasonic and PLB tests, respectively, when compared to the
CFBG. This is due to the small diameter concentrating the
ultrasonic energy and the resonant characteristics demonstrated
further improving the device sensitivity. The CMFBG shows a
detuning phenomenon with the first three resonant frequencies
of 150, 399, and 491 kHz, which are different from the resonant
frequencies of 105, 311, and 510 kHz of the CFBG. Then, a
theoretical analysis using the transfer matrix method and
simulation analysis using the FEM method were conducted to
verify the experimental results. The experimental frequency
shows errors lower than 4.6% and 7.9%, compared to the
theoretical and simulation results, respectively. Moreover, the
results of the investigation reveal that D was linearly related to
the ultrasonic sensitivity of the CMFBG, and both the D and
Lw/L: values affect the resonant frequency of the CMFBG.

Compared to existing resonant sensors like the CFBG, the
bridged FBG, and the capsular FBG, as well as compared to the
MFBG, the proposed CMFBG retains two advantages of higher
sensitivity and detuning resonant frequency simultaneously.
This outstanding ultrasonic sensing performance and the
flexibility in the design of the resonant frequency allow the
CMFBG used to have the potential for a large number of
practical applications, especially for the detection of low-
amplitude and frequency-determined signals. In addition,
suitable encapsulation technology can be implemented on the
CMFBG to protect the sensor from the environmental
fluctuations [16]. It is our view that by replacing the FBG with
a PSFBG within the CMFBG, the sensitivity of the sensor could
be further improved. However, the diameter of the CMFBG
taper region in this study is simplified, using a linear decrease
in the design. Other profile shapes (such as an exponential or a
hyperbolic profile) may have different ultrasonic sensing
characteristics, and these will be investigated in the future
studies that are underway.
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