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Abstract: We demonstrate a highly sensitive acoustic vibration sensor based on a tapered-tip optical
fiber acting as a microcantilever. The tapered-tip fiber has a unique output profile that exhibits a
circular fringe pattern, whose distribution is highly sensitive to the vibration of the fiber tip. A
piezo transducer is used for the acoustic excitation of the fiber microcantilever, which results in a
periodic bending of the tip and thereby a significant output power modulation. Using a multimode
readout fiber connected to an electric spectrum analyzer, we measured the amplitude of these power
modulations over the 10-50 kHz range and observed resonances over certain frequency ranges. Two
types of tapered-tip fibers were fabricated with diameter values of 1.5 um and 1.8 pm and their
frequency responses were compared with a non-tapered fiber tip. Thanks to the resonance effect as
well as the sensitive fringe pattern of the tapered-tip fibers, the limit of detection and the sensitivity of
the fiber sensor were obtained as 0.1 nm and 15.7 V/nm, respectively, which were significantly better
than the values obtained with the non-tapered fiber tip (i.e., 1.1 nm and 0.12 V/nm, respectively). The
sensor is highly sensitive, easy to fabricate, low-cost, and can detect sub-nanometer displacements,
which makes it a promising tool for vibration sensing, particularly in the photoacoustic sensing of
greenhouse gases.

Keywords: acoustic vibration sensor; microcantilever; tapered-tip fiber

1. Introduction

The sensitive detection of acoustic waves has paramount importance in various appli-
cations ranging from health care to environmental monitoring [1-6]. In the past decade,
this field has gained significant momentum, specifically in monitoring atmospheric green-
house gases. While there are different approaches to gas detection, existing solutions all
suffer from the same problems: (1) They are costly; (2) depend on a power source (such as
batteries); (3) require manpower for regular maintenance; and (4) suffer from a tradeoff
between sensitivity and coverage [7-11]. Additionally, they are not multiplexed nor do they
simultaneously offer multiple gas sensing. Recently, IBM (International Business Machines
Corporation, Armonk, NY, USA) has developed a photonic integrated system based on the
absorption spectroscopy technique [9]. Each head incorporates its optics and electronics in
one chip, which is then positioned in the point of interest. The system is thus not multi-
plexed and it requires calibration as it is based on absorption spectroscopy. Photoacoustic
spectroscopy (PAS) is a well-established technique for gas trace detection [12]. PAS has a
detection sensitivity for the concentration of trace gases of up to parts per billion and has
a high specificity enabling the detection of individual gas species [13,14]. The PA effect
is the process of sound generation in a material resulting from the absorption of photons.
Several acoustic vibration sensors have been developed in the past with varying figures of
merits [3-6,12,15-18]. Among them, optical fiber-based solutions have drawn increasing
attention due to their tolerance to electromagnetic interference, small size, low weight, and
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ability to multiplex with a single sensor probe across a long distance [15-21]. Recently, an
optical fiber-based sensor called PAS-WRAP was developed, which uses the PA effect for
methane leak detection [22]. Although this is a very promising technology, the current
version has limited detection sensitivity mainly due to the insufficient acoustic response of
the regular fibers. Optical fiber microcantilevers can be used as an alternative to regular
fibers since they can reach ultrahigh sensitivity in the detection of small signals such as
mass, forces, chemicals, and biological species [23-29]. The working principle is based
on monitoring the power variations caused by the misalignment between the pre-aligned
cantilever and readout component. However, to enable high accuracy and high sensitivity,
high-precision fabrication platforms as well as crucial optical alignments are needed, which
lead to exceedingly complicated sensing devices and expensive fabrication equipment.
Therefore, new concepts exploiting the benefit of fiber cantilevers are strongly needed.

In this work, we developed a highly sensitive and easy-to-fabricate tapered-tip optical
fiber microcantilever that can detect sub-nanometer acoustic vibrations (Figure 1a). The
tapered-tip fiber has a unique output pattern, which is ultra-sensitive to acoustic vibrations.
Using a transmission-based measurement method, we detected the natural resonance
frequencies of these fibers in the frequency range of 1-50 kHz. Two fibers with different tip
diameter values were fabricated using single-step chemical etching and their performance
was compared with a regular untampered fiber. A maximum sensitivity value of 15.7 V/nm
and a minimum detection limit of 0.1 nm were measured for the fiber microcantilever with
a tapered tip diameter of d; = 1.8 pm at 18.2 kHz, whereas the sensitivity and the detection
limit of the non-tapered fiber were 0.12 V/nm and 1.1 nm, respectively. This sensor is
ultra-sensitive, low-cost, and has a sub-nanometer limit of detection, which makes it a very
promising tool for the on-site photoacoustic detection of greenhouse gases.

* Fiber tip

Figure 1. (a) Schematic of the tapered-tip fiber with relevant design parameters. (b) Microscope
image of the fiber before etching (top) and after etching (bottom). (c) The output fringe pattern of
the tapered-tip fiber in air, and the red spot is the tip. (d) The change in output fringe pattern upon
acoustic field excitation. The top image is when the transducer is off, and the bottom image is when
it is on.
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2. Materials and Methods
2.1. Working Principle
The number of modes of a step-index fiber is given as:
V2 md \ 2
M = 5 = 2()\) (n —ng?), 1)

where d is the diameter of the fiber, and 1 and #n. are the refractive indices of the cladding
and the core, respectively. Our fiber has no cladding layer, which can support ~4583 modes
when A =660 nm, d =9 pm, n, = 1.5, and n, = 1. We continuously tapered the core of the
uncladded multimode step-index fibers (SMF-28) down to a certain diameter (d; = 0.5 pm,
trapezoidal shape), which forces the higher-order modes to radiate to the surrounding
medium at different points along the taper with a certain angle. The radiated modes
interfere and form a circular fringe pattern (Figure 1c) [30]. When an acoustic field is applied
to the fiber tip, the tip starts bending periodically, which changes the refraction angle of
the higher-order modes and results in a different fringe pattern (Figure 1d). The change
in the fringe pattern dramatically affects the output signal read by the multimode fiber.
At the resonance frequencies of the tapered-tip fiber, the change in the signal amplitude
is amplified, which results in much higher sensitivity values in contrast to non-resonant
frequencies. In this concept, the tapered-tip fiber acts like a microcantilever, which is a
suspended micro-scale structure supported at one end, which can bend and/or vibrate
when subjected to a load. In our case, the tapered-tip fiber is the micro-scale beam structure,
which guides the light itself rather than reflecting an external beam in the case of traditional
microcantilevers. Acoustic waves generated by the piezo transducer were the loads that
we imposed on this structure. The tapered-tip fiber was fixed on the non-tapered side to
provide support.

The displacement values for each piezo voltage were extracted from a Fabry Perot
setup in which a regular fiber was pointed at the piezo surface and the facet reflections
and the reflections from the piezo surface were used to form a Fabry Perot cavity. The
experiments were repeated three times and we obtained a linear relationship between
the piezo voltage and displacement, as shown in Figure 2. The inset shows the physical
meaning of the measured displacement.
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Figure 2. Measured displacement value of the piezo transducer at different voltage values. The inset
shows the longitudinal displacement of the piezo when voltage is applied.

2.2. Fiber Fabrication

Tapered fiber tips were fabricated using a single-step wet etching process under
controlled conditions. A simple etching setup, which consists of an XYZ stage with a fiber
holder attached to it, was developed to obtain reproducible tapers of the desired diameter
and length. First, the plastic coating around the fibers was stripped off mechanically and



Sensors 2023, 23, 924

40f 10

dipped into the 48% HF acid solution perpendicularly. The time of etching defines the
diameter of the fiber tip. For the diameter of 1.5 um, the etch time was 40 min whereas the
diameter of 1.8 um was achieved in 35 min. The same type of optical fibers with a core
diameter of 9 pm was used in the experiments. The HF acid forms a concentration gradient
(higher at the bottom and lower at the surface) that results in a faster etching rate at the
fiber tip [31]. As a result, the fiber tip has a trapezoid shape. An optical microscope image
of the fabricated fiber tips is shown in Figure 1b. The monitoring of the fiber diameter was
conducted by observing the circular fringe patterns with a light source centered at 632 nm.
We found that the diameter of the fiber decreased linearly with time with hydrofluoric acid
used as an etchant at room temperature. The observed etching rate was 0.005 4- 0.0002 s~ !,
which was repeatable using the procedure developed in this study.

The length of the tapered part was ~10 mm in both cases. The tapered fiber length is a
compromise between its sensitivity, robustness, and resonance frequency range. Shorter
tips resonate at higher frequencies, which can be a limiting factor for the experimental part.
Moreover, the sensitivity of the fiber is reduced for shorter tips. The length we chose in this
study provides the best sensitivity that can be detected with the available equipment. The
fringe pattern depends on the fiber length and fiber tip diameter; however, since our fibers
were relatively long (millimeter range), the tip diameter had the biggest effect on it.

2.3. Measurement Setup

The setup depicted in Figure 3 was used to measure the deflection of the fiber micro-
cantilevers for sound waves at different frequencies and amplitudes. The sound waves
were generated using a low-voltage piezo element (Thorlabs, Newton, NJ, USA, PA1ICEW),
which was glued to an aluminum block. An arbitrary waveform generator (KEITHLEY 3390,
resolution of 0.1 mV) was used to drive the piezo element. The tapered fiber was glued on a
vertical translation stage (Thorlabs, VAP10/m) to control the distance between the fiber and
the piezo element. A single-wavelength laser (Thorlabs, Pro800) was directly connected to
the tapered-tip fiber and a 50-pum-core multimode fiber (M42L01, Thorlabs) was used on the
detection side. The multimode fiber had a numerical aperture of 0.22, a core diameter of
50 £ 1 pm, and a cladding diameter of 125 £ 10pum. The light received by the multimode
fiber was measured by an FC/PC-coupled photodetector (Thorlabs, DETOSCFC /M), which
was connected to an electric spectrum analyzer (ESA, Signal Hound, SA44B). A custom Lab-
view program was used to control sound generation and data acquisition. The measurement
was carried out by sweeping the frequency with a step of 50 Hz over the frequency range of
10-50 kHz. The ESA settings were as follows: a span of 100 Hz, a resolution bandwidth of
10 Hz, a video bandwidth of 10 Hz, and a reference level of —30 dBm.

o\ rcot b,
10 20 20 40 50
Frequency (kHz)

= Photodetector

Multimode fiber
Tapered fiber

Piezo actuator

Figure 3. The schematic of the measurement setup. This is comprised of a single-wavelength laser
centered at 1550 nm, a piezoelectric transducer, a function generator, tapered fiber, multimode fiber, a
photodetector, and an electrical spectrum analyzer (ESA). The acoustic field generated by the piezo
transducer vibrates the tapered-tip fiber, whose output is read by a multimode fiber and sent to the
ESA via a photodetector.
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2.4. Eigenfrequency Analysis

The eigenfrequency simulations were performed using the finite element method
(FEM, COMSOL Multiphysics). In the simulations, an optical fiber with a core diameter of
9 um was tapered to d; = 1.5 and 1.8 pm over ~10 mm length. The frequency range was 5 to
50 kHz. The density, Young’s modulus, and Poisson’s ratio of the fibers were 2203 kg/m?,
73.1 GPa, and 0.17, respectively. The simulation results are given in Table 1. For each fiber
tip, several eigenfrequencies were obtained within the given frequency range. The strength
of each eigenfrequency cannot be extracted from FEM simulations; therefore, it may not be
possible to excite all these modes in the experiments. For larger taper tips, the resonance
frequencies shift toward smaller values and the number of resonances increases.

Table 1. Simulated eigenfrequencies of the tapered-tip fibers with different tip diameters.

Tip Diameter (um) Eigenfrequency (kHz)
6.4 8.5 10.9 13.5 16.5
1.5 19.7 23.2 27.2 31.2 35.9
40.2 45.5
5.9 7.7 10 124 15.0
1.8 18.1 21.3 24.8 28.6 32.6
37.2 41.6 46.5

3. Experimental Results
3.1. Measurements with a Tapered-Tip Diameter of 1.5 ym

We measured the frequency response of the tapered-tip fiber with a tip diameter
of d; = 1.5 um, which is given in Figure 4a. Two strong resonances were observed at
f1=262kHz and f, = 41.1 kHz, which are in accordance with the eigenfrequency analysis
results. The limit of detection (LOD) and the sensitivity values of 0.1 nm and 9.9 V/nm
were obtained, respectively, at f1 = 26.2 kHz. At f, = 41.1 kHz, these values were reduced
to 0.2 nm and 3.2 V/nm, respectively (Figure 4b,c). The reason is that the resonance peak
at f1 = 26.2 kHz has a higher amplitude compared to the resonance peak at f1 = 41.1 kHz.
Even though we observed 12 eigenfrequencies for this tapered-tip fiber, we only observed
two of them. One possible reason could be that the fiber tip is not big enough to experience
a strong acoustic field for exciting all resonances. The ESA output at three piezo voltage
values, V=0.1V,5V, and 10 V for f; = 26.2 kHz, are given in Figure 4d. To determine the
LOD values, the threshold amplitude for the minimum detectable signal was set to 10 dBm.
As can be seen from Figure 4d, the signal-to-noise ratio (SNR) at V = 0.1 V was ~10 dBm,
and therefore for this frequency, the LOD value was determined as 0.1 nm.

3.2. Measurements with a Tapered-Tip Diameter of 1.8 ym

The frequency response of the tapered-tip fiber with a tip diameter of d; = 1.8 um
was measured for different displacement values, which is given in Figure 5a. Within the
given frequency range, several resonance frequencies were observed, as predicted by the
eigenfrequency analysis. The LOD and sensitivity values of the microcantilever sensor
were measured at the first two strong resonance frequencies of f1 = 15.7 kHz, f, = 18.2 kHz
as 0.1 nm, and 12 V/nm, and 0.1 nm and 15.7 V/nm, respectively (Figure 5b,c). These
resonance frequencies were very close to the simulated values of 15 kHz and 18.1 kHz.
Their amplitudes were similar and their full width at half-maximum (FWHM) values were
smaller compared to other resonances, which led to higher quality factors and thereby
better LOD values. The frequencies of the other resonances with smaller amplitudes also
had very good overlap with the simulated values. The ESA output at three piezo voltage
values, V =0.1V,5V, and 10 V for f; = 15.7 kHz are given in Figure 5d. AtV =0.1V,
the SNR of the resonance peak was ~12 dBm; therefore, the LOD of this frequency was
determined as 0.1 V.
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Figure 4. (a) The frequency spectrum of the tapered-tip fiber microcantilever with a tip diameter of
dy = 1.5 um. Two resonance frequencies were observed at f1 = 26.2 kHz and f, = 41.1 kHz. The ESA
output versus displacement values for (b) f1 = 26.2 kHz and (c) f = 41.1 kHz. The red line indicates
the linear fit. (d) The ESA output spectrum at different V =0.1V,5V,and 10 V for f1 = 26.2 kHz.
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Figure 5. (a) The frequency spectrum of the tapered-tip fiber microcantilever with a tip diameter of
d; = 1.8 um. Several natural resonance frequencies were observed. The ESA output versus displacement
values for the first two resonance frequencies of (b) f1 = 15.7 kHz and (c) f, = 18.2 kHz. The red line
indicates the linear fit. (d) The ESA output spectrum at different V =0.1V,5V,and 10 V for f1 = 15.7 kHz.
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3.3. Measurements with Non-Tapered Fibers

To estimate the performance improvement provided by the tapered-tip sensor, we
compared the results with a non-tapered optical fiber (d = 125 um) using the same measure-
ment setup. No resonance was observed in the 10-50 kHz range, as shown in Figure 6a.
One reason is that the fiber was not sensitive enough to vibrate at the acoustic pressures
that we used. The second reason could be that the fiber with a cladding layer is stiffer,
and therefore resonates at higher frequencies. The inset shows the ESA output response at
f =24.6 kHz, for the piezo voltage of 12 V. The detection limit of the fiber was obtained
as 7 nm, as given in Figure 6b. The sensitivity was estimated as 0.12 V/nm, which
was >2 orders of magnitude smaller than the tapered-tip sensors. The large enhance-
ment obtained by the tapered-tip fiber microcantilevers is mainly due to two main rea-
sons: (1) the unique circular fringe pattern, which is ultra-sensitive to displacement, and
(2) resonance-enabled signal amplification. The rigid fibers become very flexible after
chemical etching. Due to this fact, they are not as fragile as non-etched fibers and they can
bend relatively easily without breaking in contrast to non-etched fibers.

6 -100
R Piezo voltage = 12V
() g

E 4] %-120—
5 3
=3 & -1401
3 w

2
(</E) 2456 2458 2460 2462 24.64
L Frequency (kHz)

04

10 20 30 40
Frequency (kHz)

2.5 : : : : :
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Figure 6. (a) The frequency spectrum of the regular fiber with a tip diameter of d; = 125 pm. No
resonance was observed. The ESA output response at f = 24.6 kHz for the piezo voltage of 12 V is

shown in the inset. (b) The ESA output versus displacement values at f = 24.6 kHz. The red line
indicates the linear fit.

3.4. Effect of Fiber to Fiber and Fiber to Piezo Distances

We investigated the effect of distance (/) between the tapered-tip fiber and the multi-
mode fiber as well as between the piezo transducer and the tapered-tip fiber (g) (Figure 7a).
Even though it is common sense to expect higher SNR values when both / and g become
smaller, it is important to check whether the number of resonances as well as the vibration
sensitivity change with increasing distances. For instance, when g becomes smaller, the
area of the fiber that is exposed to the acoustic pressure also becomes smaller. Although
this can increase the strength of the existing resonances, it may also change the number
of resonances that can be excited. When I becomes smaller, the amount of signal that is
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collected by the multimode fiber increases; however, the sensitivity of the fiber decreases by
~70-80% since the fringe pattern becomes compressed and the envelope of the measured
signal has a Gaussian-like profile (as in the case of a non-etched fiber).

In both experiments, we used the tapered-tip fiber with a tip diameter of d; = 1.8 pm.
The frequency response of the tapered-tip fiber was measured at three different distance
values both between the tapered-tip and the multimode fiber (/; = 0.5 mm, /; = 0.85 mm,
I3 = 1.2 mm) and the tapered-tip fiber and the piezo transducer (¢; = 0.1 mm, g = 0.6 mm,
g3 = 1 mm), as shown in Figure 7b,c, respectively. The number of the resonances and
their frequencies did not change in both cases, but the amplitudes of the resonances
decreased with increasing distance, as expected. Based on these results, in all of our
previous measurements, we used [; and g; values in the setup.

%1 (0) ——1,=05mm
S ——1,=0.85 mm
5 60+ —Il;=1.2mm
[oR
3
(@) <
%
I W
%
— 04 ; . .
— —i g 10 20 30 40
g;?; Frequency (kHz)
”v 901 — =
. _ (C) g, =0.1mm
> —g,=0.6 mm
5 604 ——gz=1mm
joN
5
o
< 30+
0
W
O T T T T
10 20 30 40

Frequency (kHz)

Figure 7. (a) Schematic indicating the parameters [ and g. The effect of distance between (b) the
tapered-tip fiber and the multimode fiber for three different values, and (c) the tapered-tip fiber and
the piezo transducer for three different values on the frequency spectrum of the tapered-tip sensors.
As can be seen, the frequencies of the resonances stayed the same but their amplitudes decreased
with an increasing distance in both cases. Measurements were taken with tapered-tip fiber with a tip
diameter of d; = 1.8 um.

4. Discussion

The spectra we obtained from tapered-tip optical microcantilevers showed different
resonances. The number of resonances increased when the tip diameter was d; = 1.8 pm.
This can be explained by the fact that a thicker fiber has a larger volume to be seen by
the acoustic field, and therefore it becomes easier to excite more modes. Moreover, the
amplitude of the resonances also increases, which increases the sensor sensitivity. However,
with an increasing tip diameter, the circular fringe pattern disappears, and eventually, a
Gaussian profile is obtained, which decreases the sensor sensitivity (e.g., non-tapered fiber
case). Therefore, there is a trade-off between the tip diameter and sensor sensitivity; thin
tips have less volume for efficient acoustic excitation whereas thick tips have a Gaussian-like
output profile.

In acoustic vibration sensing, it is important to find the right boundary conditions
that provide repeatable results. Here, we fixed the tapered-tip fibers on a heavy translation
stage using mechanically stable glue. Moreover, the length of the fiber that was freely
moving was kept the same as possible for both tapered-tips in order for a fair comparison.
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5. Conclusions and Outlook

In conclusion, we demonstrated a new type of acoustic vibration sensor based on
a tapered-tip optical fiber microcantilever. These fibers exhibit a unique circular fringe
pattern that changes dramatically with acoustic vibrations. Moreover, these tips resonate
at distinct frequencies, which amplify the sensor response and thereby improve sensor
sensitivity while reducing the detection limit down to the sub-nanometer range. Compared
to a non-tapered-tip optical fiber, we observed a one order of magnitude better detection
limit and two orders of magnitude higher sensitivity. Our results show that this type of
acoustic vibration sensor can be a very good candidate for the PA detection of trace gases
with very high sensitivity.

In our future work, we will try methane detection by placing this sensor in a gas
chamber and using an excitation laser that will be matched to a vibrational mode of
methane at A = 1650.5 nm (due to the availability of this source in our lab). The laser
source will be modulated at one of the resonance frequencies of the fiber sensor to amplify
the detection sensitivity. Note that the minimum detection limit of methane is 5 ppm,
which can be challenging to measure. On top of using highly sensitive sensors, one can
also increase the acoustic field strength to reach this small detection limit. To do so, we
developed resonator tubes [32], which can amplify the acoustic field strength by at least
one to two orders of magnitudes.

Author Contributions: Conceptualization, H.N. and B.L.A.; Methodology, C.L., HN. and MM.D.;
Software, H.N. and M.M.D.; Validation, M.M.D. and C.L.; Formal analysis, C.L. and B.I.A.; Investi-
gation, C.L.; Resources, B.I.A.; Data curation, C.L. and B.I.A.; Writing—original draft preparation,
C.L.; Writing—review and editing, B.I.A. and C.L.; Visualization, M.T.K.; Supervision, B.LA.; Project
administration, B.LA.; Funding acquisition, B.I.A. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Chinese Scholarship Council (202007720007) and Demon-
strator Grant (17743).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available from the corresponding
author upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Bai, Y;Lu L,; Cheng,]J;Liu,J.; Chen, Y, Yu, J. Acoustic-based sensing and applications: A survey. Comput. Netw. 2020, 181, 107447 .
[CrossRef]

2. Frederick, W. Substation insulator failure prevention by ultrasonic corona detection. IEEE Trans. Ind. Appl. 1972, 1, 82-83.
[CrossRef]

3.  Tomberg, T.; Vainio, M.; Hieta, T.; Halonen, L. Sub-parts-per-trillion level sensitivity in trace gas detection by cantilever-enhanced
photo-acoustic spectroscopy. Sci. Rep. 2018, 8, 1848. [CrossRef] [PubMed]

4. Xiong, L.; Bai, W,; Chen, F,; Zhao, X; Yu, E; Diebold, G.J. Photoacoustic trace detection of gases at the parts-per-quadrillion level
with a moving optical grating. Proc. Natl. Acad. Sci. USA 2017, 114, 7246-7249. [CrossRef] [PubMed]

5. Wu, H,; Sampaolo, A.; Dong, L.; Patimisco, P; Liu, X.; Zheng, H.; Yin, X.; Ma, W.; Zhang, L.; Yin, W. Quartz enhanced
photoacoustic H2S gas sensor based on a fiber-amplifier source and a custom tuning fork with large prong spacing. Appl. Phys.
Lett. 2015, 107, 111104. [CrossRef]

6. Zheng, H.; Dong, L.; Sampaolo, A.; Wu, H.; Patimisco, P; Yin, X.; Ma, W.; Zhang, L.; Yin, W.; Spagnolo, V. Single-tube on-beam
quartz-enhanced photoacoustic spectroscopy. Opt. Lett. 2016, 41, 978-981. [CrossRef]

7. Leak Detectors Sense Commercial Opportunities. Available online: https:/ /optics.org/news/9/5/29/ (accessed on 28 May 2018).

8. Wang, J.; Wang, H.; Liu, X. A portable laser photoacoustic methane sensor based on FPGA. Sensors 2016, 16, 1551. [CrossRef]

9. Tombez, L.; Zhang, E.; Orcutt, J.; Kamlapurkar, S.; Green, W. Methane absorption spectroscopy on a silicon photonic chip. Optica
2017, 4, 1322-1325. [CrossRef]

10. Wang, F; Jia, S.; Wang, Y.; Tang, Z. Recent developments in modulation spectroscopy for methane detection based on tunable

diode laser. Appl. Sci. 2019, 9, 2816. [CrossRef]


http://doi.org/10.1016/j.comnet.2020.107447
http://doi.org/10.1109/TIA.1972.349741
http://doi.org/10.1038/s41598-018-20087-9
http://www.ncbi.nlm.nih.gov/pubmed/29382873
http://doi.org/10.1073/pnas.1706040114
http://www.ncbi.nlm.nih.gov/pubmed/28652329
http://doi.org/10.1063/1.4930995
http://doi.org/10.1364/OL.41.000978
https://optics.org/news/9/5/29/
http://doi.org/10.3390/s16091551
http://doi.org/10.1364/OPTICA.4.001322
http://doi.org/10.3390/app9142816

Sensors 2023, 23,924 10 of 10

11.

12.
13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Adegboye, M.A.; Fung, W.-K.; Karnik, A. Recent advances in pipeline monitoring and oil leakage detection technologies:
Principles and approaches. Sensors 2019, 19, 2548. [CrossRef]

Bell, A.G. Upon the production and reproduction of sound by light. J. Soc. Telegr. Eng. 1880, 9, 404-426. [CrossRef]

Miklés, A.; Hess, P.; Bozoki, Z. Application of acoustic resonators in photoacoustic trace gas analysis and metrology. Rev. Sci.
Instrum. 2001, 72, 1937-1955. [CrossRef]

Hodgkinson, J.; Tatam, R.P. Optical gas sensing: A review. Meas. Sci. Technol. 2012, 24, 012004. [CrossRef]

Korposh, S.; James, S.W.; Lee, S.-W.; Tatam, R.P. Tapered optical fibre sensors: Current trends and future perspectives. Sensors
2019, 19, 2294. [CrossRef] [PubMed]

Chen, X,; Li, J.; Zhang, G.; Shi, Y. PZT nanoactive fiber composites for acoustic emission detection. Adv. Mater. 2011, 23, 3965-3969.
[CrossRef]

Xu, B,; Li, Y,; Sun, M.; Zhang, Z.-W.; Dong, X.-Y.; Zhang, Z.-X; Jin, S.-Z. Acoustic vibration sensor based on nonadiabatic tapered
fibers. Opt. Lett. 2012, 37, 4768-4770. [CrossRef] [PubMed]

Xu, Y;; Lu, P; Qin, Z.; Harris, J.; Baset, F.; Bhardwaj, V.R.; Bao, X. Vibration sensing using a tapered bend-insensitive fiber based
Mach-Zehnder interferometer. Opt. Express 2013, 21, 3031-3042. [CrossRef]

Li, T.; Guo, J.; Tan, Y.; Zhou, Z. Recent advances and tendency in fiber Bragg grating-based vibration sensor: A review. IEEE Sens.
J. 2020, 20, 12074-12087. [CrossRef]

Kamata, M.; Obara, M.; Gattass, R.R.; Cerami, L.R.; Mazur, E. Optical vibration sensor fabricated by femtosecond laser microma-
chining. Appl. Phys. Lett. 2005, 87, 051106. [CrossRef]

Villatoro, J.; Antonio-Lopez, E.; Schiilzgen, A.; Amezcua-Correa, R. Miniature multicore optical fiber vibration sensor. Opt. Lett.
2017, 42, 2022-2025. [CrossRef]

Zhou, S.; lannuzzi, D. A fiber-tip photoacoustic sensor for in situ trace gas detection. Rev. Sci. Instrum. 2019, 90, 023102. [CrossRef]
[PubMed]

Chen, Y,; Zheng, Y.; Xiao, H.; Liang, D.; Zhang, Y; Yu, Y.; Du, C.; Ruan, S. Optical Fiber Probe Microcantilever Sensor Based on
Fabry-Perot Interferometer. Sensors 2022, 22, 5748. [CrossRef] [PubMed]

Raji, Y.; Lin, H.; Ibrahim, S.; Mokhtar, M.; Yusoff, Z. Intensity-modulated abrupt tapered fiber Mach-Zehnder interferometer for
the simultaneous sensing of temperature and curvature. Opt. Laser Technol. 2016, 86, 8-13. [CrossRef]

Iannuzzi, D.; Deladi, S.; Gadgil, V.; Sanders, R.; Schreuders, H.; Elwenspoek, M. Monolithic fiber-top sensor for critical
environments and standard applications. Appl. Phys. Lett. 2006, 83, 053501. [CrossRef]

Iannuzzi, D.; Slaman, M.; Rector, J.; Schreuders, H.; Deladi, S.; Elwenspoek, M. A fiber-top cantilever for hydrogen detection.
Sens. Actuators B Chem. 2007, 121, 706-708. [CrossRef]

Roy, R.K.; Bezboruah, T. Non-contact method based on intensity modulation of light for measurement of vibration of a thin
cantilever beam. IET Sci. Meas. Technol. 2019, 13, 746-754. [CrossRef]

Lu, P; Xu, Y,; Baset, E; Bao, X.; Bhardwaj, R. In-line fiber microcantilever vibration sensor. Appl. Phys. Lett. 2013, 103, 211113.
[CrossRef]

Jia, Z.; Zhao, X.; Fan, W.; Gao, H.; Liu, Q.; Yong, Z.; Liu, Y.; Yang, K. A two-dimensional cantilever beam vibration sensor based
on fiber Bragg Grating. Opt. Fiber Technol. 2021, 61, 102447. [CrossRef]

Lu, C.; Nikbakht, H.; Erdolu, M.Y.; van Someren, B.; Akca, B.I. Tapered tip optical fibers for measuring ultra-small refractive
index changes with record high sensitivity. Opt. Lett. 2022, 47, 6281-6284. [CrossRef]

Kbashi, H.J. Fabrication of submicron-diameter and taper fibers using chemical etching. J. Mater. Sci. Technol. 2012, 28, 308-312.
[CrossRef]

Dello Russo, S.; Giglio, M.; Sampaolo, A.; Patimisco, P.; Menduni, G.; Wu, H.; Dong, L.; Passaro, V.M.; Spagnolo, V. Acoustic
coupling between resonator tubes in quartz-enhanced photoacoustic spectrophones employing a large prong spacing tuning fork.
Sensors 2019, 19, 4109. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.3390/s19112548
http://doi.org/10.1049/jste-1.1880.0046
http://doi.org/10.1063/1.1353198
http://doi.org/10.1088/0957-0233/24/1/012004
http://doi.org/10.3390/s19102294
http://www.ncbi.nlm.nih.gov/pubmed/31109017
http://doi.org/10.1002/adma.201101592
http://doi.org/10.1364/OL.37.004768
http://www.ncbi.nlm.nih.gov/pubmed/23164907
http://doi.org/10.1364/OE.21.003031
http://doi.org/10.1109/JSEN.2020.3000257
http://doi.org/10.1063/1.2008362
http://doi.org/10.1364/OL.42.002022
http://doi.org/10.1063/1.5082955
http://www.ncbi.nlm.nih.gov/pubmed/30831736
http://doi.org/10.3390/s22155748
http://www.ncbi.nlm.nih.gov/pubmed/35957304
http://doi.org/10.1016/j.optlastec.2016.06.006
http://doi.org/10.1063/1.2170139
http://doi.org/10.1016/j.snb.2006.03.049
http://doi.org/10.1049/iet-smt.2018.5129
http://doi.org/10.1063/1.4832342
http://doi.org/10.1016/j.yofte.2020.102447
http://doi.org/10.1364/OL.477288
http://doi.org/10.1016/S1005-0302(12)60059-0
http://doi.org/10.3390/s19194109
http://www.ncbi.nlm.nih.gov/pubmed/31547566

	Introduction 
	Materials and Methods 
	Working Principle 
	Fiber Fabrication 
	Measurement Setup 
	Eigenfrequency Analysis 

	Experimental Results 
	Measurements with a Tapered-Tip Diameter of 1.5 m 
	Measurements with a Tapered-Tip Diameter of 1.8 m 
	Measurements with Non-Tapered Fibers 
	Effect of Fiber to Fiber and Fiber to Piezo Distances 

	Discussion 
	Conclusions and Outlook 
	References

