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This study introduces a novel dual-parameter sensor for simultaneous acoustic
and magnetic field detection. The sensor employs a dual-hollow-sphere-
shaped optical microresonator coupled with a fiber taper and integrated
with a Terfenol-D sheet. Experimental results demonstrate best sensitivities
of 4.24 mPa/√Hz for acoustics and 5.16 nT/√Hz for magnetic fields within a
0.1–2 MHz detection range. Notably, the sensor can detect both parameters
independently at different frequencies without mutual interference. This
innovative design offers a promising approach for non-destructive testing of the
state of the high-voltage transmission lines.
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1 Introduction

Magnetic field and acoustic sensors have diverse applications, particularly in the non-
destructive detection field. Magnetometers can detect the magnetic anomalies or leakage
current of high-voltage transmission lines. Acoustic sensors can monitor the driving of
vehicles and crustal movements along transmission lines. Sensors that simultaneously
detect acoustics and magnetic fields provide comprehensive information, enabling better
utilization of high-voltage transmission lines and protection of electrical systems.

Optical fiber sensing systems offer several advantages, including immunity to
electromagnetic interference, corrosion resistance, long-distance power supply capabilities,
and high sensitivity. Consequently, researchers have developed various optical fiber
systems for acoustic and magnetic field sensing [1–17]. Recent advancements in acoustic
sensing include optical microring resonators, 3D-printed microdisks, and improved
microdisk designs, achieving sensitivities as low as 1.18 μPa/√Hz at 82.6 kHz [1–4].
For magnetic field sensing, researchers have incorporated materials such as magnetic
fluids, magnetostrictive materials, or other magnetic field-sensitive substances into
optical systems [5–11]. Notable developments include Terfenol-D coated fiber Bragg
gratings, temperature-compensated surface plasmon resonance systems, magnetic fluid-
filled microbubble resonators, and Terfenol-D filled microcapillary resonators [12–17].
These innovations have achieved sensitivities ranging from 0.7 pm/mT to 84.5 pm/mT for
DC fields and 46.97 nT/√Hz for AC fields.
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Recent research has focused on the integration and enhanced
sensitivity of the sensing system [4, 18]. While improving the
performance of single-parameter sensors remains important,
there’s growing interest in developing more efficient sensors.
These advanced sensors can simultaneously measure multiple
physical parameters within a single device, offering space-
saving, increased functionality, and cost-effective solutions
while providing a more efficient approach to data gathering in
various applications. Examples include optical taper couplers
with magnetic fluid [19], thin-core fiber Mach-Zehnder
interferometers [20], optoelectronic hybrid fiber laser sensors
[21], and cascaded fiber Bragg gratings [22]. These systems can
simultaneously measure various combinations of parameters
such as magnetic field, temperature, strain, curvature, and
acoustics. However, there is still a need to improve multiparameter
sensing sensitivities and expand the range of sensing structures
available.

This paper introduces a dual-hollow-sphere-shaped optical
microresonator for simultaneous acoustic and magnetic field
detection. The device can measure both parameters independently
when they occur at different frequencies. The microresonator
achieves best-case sensitivities of 4.24 mPa/√Hz for acoustics
and 5.16 nT/√Hz for magnetic fields within a detection
frequency range of 0.1–2 MHz. This novel approach offers
a new method for dual-parameter sensing in underwater
environments.

2 Fabrication and characterization of
the resonator

The dual-hollow-sphere-shaped optical microresonator
is shown in Figure 1. The microcapillary (Polymicro, TSP075150)
with inner and outer diameters of 76 µm and 151 µm is utilized
to construct the resonator. First, one end of the capillary
(approximately 3 cm) is heated with an alcohol lamp and then
wiped with isopropanol to peel off the coating. Afterward, the
capillary is heated with a Bunsen burner and wiped with isopropyl
alcohol to remove the residue from its outer surface. Note that, to
obtain a clean resonator, the capillary must be continuously rotated
during the above heating process. The fiber cleaver then cuts the
end of the clean capillary, and the flat end face of the capillary
is melted into microspheres under the action of the high-voltage
arc of the electrode of the optical fiber fusion splicer. The hollow
structure of the capillary determines that the obtained microsphere
is also hollow. The above operations are repeated to get two hollow
microspheres, and the two spheres are placed on both sides of the
fiber optic fusion splicer. After the alignment of the center of the two
microspheres and their capillary supports, the two microspheres
are melted together, and the dual-hollow-sphere-shaped optical
microresonator is obtained. The two ends of the resonator are glued
on the Terfenol-D sheet so that it can respond to the magnetic field
signal, but the resonator part is still suspended and not in contact
with the surface of Terfenol-D.This sensing element is then fixed on
a nanomax stage and coupled with a fiber taper.

Before testing its acoustic and magnetic field sensing
performance, the optical quality factor is firstly measured with the
experimental setup in Figure 2. The triangular wave generated by

FIGURE 1
Microscopic image of dual-hollow-sphere-shaped optical
microresonator.

the function signal generator is sent to the frequency modulation
terminal of the tunable laser (spectral range: 1,510 nm ∼ 1,630 nm)
through the servo controller. This triangular wave is simultaneously
sent to the oscilloscope as a trigger signal for transmission spectrum
measurement. The output light from the laser is sent to the fiber
taper (waist diameter about 1 µm, taper length about 50 mm)
through a fiber attenuator and fiber controller. The fiber taper
is evanescently over-coupled to the dual-hollow-sphere-shaped
optical microresonator, and the transmission light is received by
the detector and sent to the oscilloscope. The measured optical
mode is shown in Figure 3, the corresponding quality factor is Q =
λ/ Δλ = 1549.9936 nm/0.07pm = 2.2 × 107. This mode is chosen for
laser wavelength locking in the following test.

3 Sensing principle

In the presence of an acoustic signal, the effective refractive
index n (photoelastic effect) and the radius R (deformation) of the
optical resonator will change according to Equation 1 [23].Thus, the
wavelength λ of the resonator varies subsequently.

∆λ
λ
= ∆n

n
+ ∆R

R
(1)

When the laser wavelength is locked to the optical mode
during measurement, the variation of wavelength will change light
intensity. The intensity change can reflect the power strength of the
acoustic signal [24].

The resonator itself cannot respond to the magnetic field,
so additional magnetostrictive material (Terfenol-D) needs to be
brought into the system [25]. The magnetostrictive material will
stretch the resonator and thus change its transmission under a
magnetic field. The strain induced by the magnetic field can be
calculated by ε = α · ΔB, where α is the magnetostrictive coefficient
of Terfenol-D.The responsivity of the resonator can be identified by
Equation 2 [26]:
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FIGURE 2
Experimental setup for acoustic and magnetic field sensing.

FIGURE 3
The optical mode chosen to perform acoustic and magnetic
field sensing.

γ =
ΔλWGM

εaxial
= (−ν+ |Pe f f | + 2(1+ ν)

l− |m|
2l
)λ(

Rs

Rsphere
)
2

(2)

in which εaxial, ΔλWGM, ν, Pe f f , l, m, Rs, Rsphere ,axial strain which
is equal to the strain of Terfenol-D, change in wavelength of the
optical whispering gallery mode, Poisson coefficient (which is 0.17
for silica),polarization dependent effective photoblastic coefficient,
polar mode number (ι = 2πnRsphere/λ for the fundamental
microsphere mode),azimuthal mode number, radius of the
microsphere’s fiber tails (stems), the radius of the microsphere.

The magnetic field-induced wavelength change will also be
reflected by the transmission property of the resonator.

Therefore, in theory, the resonator attached to Terfenol-D can
respond to both the acoustic and magnetic field signal.

4 Sensing performance
characterization

The acoustic and magnetic field sensing performance is
characterized by the experimental setup shown in Figure 2. Then,
the response to two signals at different frequencies is tested.The PID
control box, function generator, and the Bias Tee that can separate
the AC and DC signal are utilized to lock the laser wavelength
to the resonance of the optical mode. The acoustic signal and the
magnetic field signal are applied through the PZT and the coil via
the function generator, respectively. The spectrum analyzer can be
used to measure the noise power spectrum and the response at
a certain frequency. The network analyzer can record the system
response while the frequency-sweeping acoustic or magnetic field
signal is on.

Firstly, the reference sinewave acoustic signal (20 V, 725.3 kHz),
obtained by the PZT and the signal generator, is applied to the
system and recorded by the spectrum analyzer. The signal-to-noise-
ratio (SNR) of 27.5 dB for the reference acoustic signal is obtained
under a certain resolution bandwidth (1.3 kHz), and the result
is shown in Figure 4A. During the test, the PZT is moved away from
the resonator when the function generator is still on, and the peak
signal on the spectrum analyzer disappears, showing that the peak
response is the actual acoustic response.

Then, the minimum detectable acoustic field can be
calculated by Equation 3:

Pmin(ωref) =
Pre f

√SNR×BW
(3)

where Pre f is the intensity of the acoustic field at reference frequency
ωre f .

The system response with a sweeping acoustic signal recorded
by the network analyzer is shown in Figure 4B. It can be seen that
the system has a stronger response within 100∼200 kHz.
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FIGURE 4
Acoustic field sensing results: (A) Power spectrum with a reference
signal at 725.3 kHz; (B) System response at the frequency range of [0.1
MHz∼2 MHz]; (C) Acoustic field sensitivity at the frequency range of
[0.1 MHz∼2 MHz].

The sensitivity of the acoustic field is then calculated with
Equation 4:

Pmin(ω) =
√S(ω) ×N(ωre f)

√N(ω) × S(ωre f)
Pmin(ωref) (4)

where P(ωre f)min
is the minimum detectable acoustic field, N(ω)

is the noise spectrum without acoustic signal, S(ω) is the system
response obtainedwith a network analyzer.The calculated sensitivity
of the acoustic fieldwithin the frequency range of [0.1 MHz∼2 MHz]
is shown in Figure 4C. After the calculation,the best sensitivity
located at 123.8 kHz achieves 4.24 mPa/√Hz.

Afterward, the magnetic field response is tested under the same
procedure. A reference magnetic field signal around 546.5 kHz
is applied to the resonator through the coil, and the power
spectrum shown in Figure 5A with and without magnetic signal
is acquired by the spectrum analyzer. The SNR of the magnetic
field signal at 546.5 kHz is about −54.86 dB. The sensitivity is
calculated by Equation 5:

Bmin(ω) =
√S(ω) ×N(ωre f)

√N(ω) × S(ωre f)
Bmin(ωre f) (5)

In which, Bmin(ωre f) =
Bref

√SNR×BW
is the minimum detectable

magnetic field at reference frequency, where ωre f is the frequency
of the magnetic field, and Bre f is the magnetic induction intensity.
N(ω)andS(ω) are the noise signal without signal obtained by the
spectrum analyzer, the system response obtained with network
analyzer, respectively.

The system response is tested with the network analyzer and
illustrated in Figure 5B. Based on noise spectrum, the system
response and theminimum detectable magnetic field, the sensitivity
within the frequency range of [0.1 MHz∼2 MHz] is obtained
and shown in Figure 5C. The results show that the best sensitivity
of 5.16 nT/√Hz locates at 546.5 kHz, and the relatively high
sensitivities at the frequency ranges of [0.1 MHz ∼ 0.5 MHz],
[1 MHz ∼ 1.5 MHz] and [1.5 MHz ∼ 2 MHz] are 12.0 nT/√Hz
@ 377.9 kHz, 105.4.0 nT/√Hz @ 1.2786 MHz, 30.3 nT/√Hz @
1.9853 MHz, respectively.

Furthermore, the system response is tested when both magnetic
and acoustic signals are applied simultaneously. The results are
shown in Figure 6. In Figure 6A, when a magnetic field signal of
896.8 kHz is firstly applied to the system (red dash line), then various
frequencies of acoustic signals at 877.3 kHz, 887.3 kHz, 891.8 kHz,
895.8 kHz, 897.8 kHz, 901.8 kHz, 906.3 kHz, and 916.3 kHz are
subsequently applied to the system (blue solid line). The strength
and the frequency of the magnetic field signal barely altered and
the frequency variation of acoustic signal has no significant impact
on the detected magnetic field signal. The results in Figure 6B
are performed in the reverse order. The acoustic signal at
reference frequency 896.8 kHz is firstly applied to the system,
and the magnetic field signal at different frequencies of 877.3kHz,
887.3 kHz, 891.8 kHz, 895.8 kHz, 897.8 kHz, 901.8 kHz, 906.3 kHz,
and 916.3 kHz are then applied to the system. Similar behavior is
observed that the frequency variation of the magnetic field signal
almost has no impact on the strength and frequency of the acoustic
signal. Therefore, it can be deduced that the acoustic and magnetic
field signals at different frequencies have no impact on each other.

In practical applications, the commercial sound level meter or
magnetoresistance sensor can be introduced to more accurately
calibrate the acoustic field or magnetic field reference signal
generated by the PZT and coil driven by the signal generator,
so that the sensitivities can be more accurately determined. In
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FIGURE 5
Magnetic field sensing results: (A) Power spectrum with a reference
signal at 546.5 kHz; (B) System response at the frequency range of [0.1
MHz∼2 MHz]; (C) AC magnetic field sensitivity at the frequency range
of [0.1 MHz∼2 MHz].

addition, the repeatability of the sensing system can be improved
by introducing the on-chip micro-resonator structure and its
processing or packaging technology to ensure the uniformity of
different sensing units during application [27–29]. Note that the
frequency position of the best sensitivity of themagnetic field sensor
is related to the mechanical mode of the resonator. It can be tuned

by adjusting the frequency position of the mechanical mode which
can be achieved by stress regulation [30], so that the detection
needs of differentmagnetic field frequencies in practical applications
can be met.

5 Discussion

There are other ways to perform the acoustic and magnetic
field sensing within one sensing system, such as the optoelectronic
hybrid fiber laser sensor and cascaded fiber Bragg grating [21, 22],
the results are compared in Table 1. For the optoelectronic hybrid
fiber laser sensor, the resolutions of the acoustic pressure and AC
magnetic field were respectively ∼ mPa and ∼μT [21]. Our sensor
exhibits a similar acoustic resolution but a better AC magnetic field
resolution at the nT range. Concurrently, it is important to note
that the optoelectronic hybrid fiber laser sensor is limited in its
detection capabilities, as it can only perceive the magnetic field
component that is oriented along the y-axis. In contrast, our sensor
stands out for its superior functionality, as it is designed to be
sensitive to the overall amplitude of the magnetic field, considering
all its vector components.This advanced feature allows our sensor to
provide amore precise and comprehensive detection of themagnetic
field’s presence and strength. Additionally, the cascaded fiber Bragg
grating can detect both the acoustic and DC magnetic field signal
with the corresponding sensitivities of 52.9 dB–300 kHz/47.3 dB to
1 MHz and 0.82 dB/mT [22]. However, as shown in Figure 4A, the
acoustic SNR of our sensor at 725.3 kHz is around 27.5 dB with
a driving voltage of 20 V, being more efficient than that of fiber
Bragg grating which has an acoustic sensitivity of 47.3 dB to 1 MHz
under a driving voltage of 400V. In the context of high-voltage
power transmission, the choice between DC and AC technologies
is contingent upon the length of the transmission line, which
consequently results in either a DC or AC magnetic field being
present. This implies that for practical applications, the ability to
detect only DC magnetic fields is insufficient. Our sensor is capable
of detecting both DC and AC magnetic fields, thereby extending
their applicability to a broader spectrum of real-world scenarios.
Furthermore, our sensor can realize acoustic and AC magnetic
field sensing across a wider frequency range, which is particularly
beneficial for applications where diverse frequency ranges are likely
to be encountered.

Adopting a CO2 laser to fabricate our resonator may allow
for a resonator with thinner walls, which brings better sensitivity.
Additionally, the coupling position of the fiber taper to the resonator
is a critical parameter that affects sensitivity. Prior studies have
indicated that the strain is maximized when the fiber taper is
positioned at the junction of the two hollow spheres, where the stress
concentration is highest. This positioning strategy can be further
optimized to achieve even higher sensitivity.

On-chip resonators with high quality factors benefit for
practical implementation [27, 28], the system will be more
compact. The packaging process for the proposed fiber taper
and microresonator can follow the steps outlined for Saddle-
Shape optical microresonators [26], thereby ensuring the protection
of the sensitive components and enhancing the system’s overall
stability.
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FIGURE 6
Power spectrum responses of the dual-hollow-sphere-shaped optical microresonator: (A) The 896.8 kHz magnetic field response to the acoustic
signals at different frequencies. (B) The 896.8 kHz acoustic response to the magnetic field signals at different frequencies.

TABLE 1 Dual parameter sensing results comparison.

Sensing structure Acoustic sensitivity Magnetic field sensitivity Year

Optoelectronic hybrid fiber laser sensor [21] −164.7 dB (0 dB re 1 pm/μPa) 0.6 dB (0 dB re 1 pm/(T•A) 2015

Cascaded fiber Bragg grating [22] 52.9 dB to 300 kHz
47.3 dB to 1 MHz

0.82 dB/mT 2018

Dual-hollow-sphere-shaped optical microresonator 4.24 mPa/√Hz@123.8 kHz 5.16 nT√Hz This work

6 Conclusion

An acoustic and AC magnetic field dual parameter sensor is
realized with a dual-hollow-sphere-shaped optical microresonator.
The acoustic and magnetic field sensitivity are 4.24mPa/√Hz and
5.16 nT/√Hz, respectively. Additional experimental results show
that the two parameters can be simultaneously detected when they
have separate frequencies. Further enhancements in sensitivity are
achievable through structural optimization, allowing for even more
precisemeasurements. Additionally, the stability of the sensor can be
significantly improved by refining the packing procedure, ensuring
consistent and reliable performance in various environments. This
proposed optical sensing scheme introduces a novel system with
potential applications in non-destructive high-voltage transmission
lines monitoring. This not only broadens the scope of sensing
technology in electrical systems, but also opens new possibilities for
complex environmental monitoring.
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