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Optomechanical sensor network with fiber
Bragg gratings

Shiwei Yang 1,3, Qiang Zhang 1,2,3 , Linrun Yang 1,3, Hanghua Liu1,
Quansen Wang1, Pengfei Zhang 1,2, Heng Shen 1,2 & Yongmin Li 1,2

Sensor networks are indispensable for diverse engineering applications and
cutting-edge scientific research. Recent advances in cavity optomechanics
have enabled progress in ultrasensitive sensing. Crucially, the resonant
enhancement of optical and mechanical responses enables highly sensitive
detection of small perturbations, making it a promising candidate for next-
generation ultrasensitive sensor networks. However, the intrinsic limitations
of existing optomechanical sensors-such as fiber-optic integration and
polarization-dependent response- have hindered progress in this field. Here,
wedemonstrate a kilometer-scale optomechanical sensor network, integrating
multiplefiber-optic optomechanical sensors into a standard single-mode fiber.
Leveraging commercially available fiber Bragg gratings, we achieve robust,
low-loss, low-noise, and polarization-insensitive coupling with light sources.
Within this network, which incorporates both scalar and vector magnet-
ometers, we illustrate the network operation by resolving the spatial variations
in the magnetic field under a magnetically unshielded environment with the
ambient temperature and pressure. Our work advances the practical applica-
tion of cavity optomechanics in ultrasensitive sensor networks.

Sensor networks exploitmultiple sensors distributed across the areaof
interest to obtain the comprehensive information of the targets,
playing essential roles in a variety of applications ranging from internet
of things1, smart cities2, oil and gas industry3, seafloor faults and ocean
dynamics4, to earthquake and volcano dynamic detection5,6. Of parti-
cular importance is the key building block of the network, the sensor,
which should fulfill the requirement of high-sensitivity, robustness,
scalability, and multiplexing.

In recent years, cavity optomechanics has emerged as a platform
for single-point ultrasensitive sensing7–48, enabling optical detection of
diverse physical quantities including small forces15–19,
displacements20–23, rotations24–26, vibrations27–31, ultrasounds32–34, radio
waves35–39, magnetic fields40–46, and other quantities47,48. Recent work
has demonstrated the operation of a sensing network on a sub-
millimeter chip49, where three whispering gallery mode sensors were
coupled via a bus waveguide. However, realizing a kilometer-scale

optomechanical sensor network remains challenging, as it requires a
cascadable integration of all sensors via standard single-mode fiber
(SMF) while maintaining polarization immunity against random bire-
fringence effects that accumulate over long distances50.

In this work, we demonstrate a kilometer-scale optomechanical
sensor network by cascading multiple fiber-optic optomechanical
sensors into a standard SMF. By incorporating fiber mechanical reso-
nator (MR) and phase-shifted fiber Bragg grating (PFBG) into opto-
mechanical systems, we achieve robust, low-loss, and polarization-
insensitive coupling to light sources. Then, as proof-of-concept we
apply this sensor network for the detection of magnetic fields. Both
achieved peak DC magnetic-field sensitivity of 8.73 pm/Gs (the reso-
nant wavelength shift of the PFBG per unit Gauss), and the peak AC
magnetic-field sensitivity of 537 fTHz-1/2 are better than the best values
reached with existing optomechanical magnetometers (7.57 pm/Gs in
ref. 47 and 620 fTHz-1/2 in ref. 44). Furthermore, we demonstrate a
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kilometer-scale optomechanical magnetometer network capable of
real-time monitoring of spatial magnetic field variations from moving
targets. The network integrates both scalar and vectormagnetometers
to provide complete field characterization.

Results
Principle of operation
Figure 1a illustrates the schematic of an optomechanical sensor net-
work, where multiple sensors are integrated into a standard SMF for
quasi-distributed sensing. In this architecture, both DC and AC mag-
netic field can be detected. Concretely, we obtain the response to DC
magnetic field by monitoring the reflective spectrum of the sensor
network, wherein a broadband source (BBS) and an optical spectrum
analyzer (OSA) are used. On the other hand, to probe the ACmagnetic
field, lights with different wavelengths are coupled into the sensor
network by a wavelength division multiplexer (WDM) and a fiber cir-
culator. The reflective light is demodulated using a WDM and photo-
detectors. We stress that this system works in a magnetically
unshielded environment with ambient temperature and pressure.

As the key element, the optomechanical sensor consists of a
clamped-clamped fiber MR (blue) and a functional support (black) as
shown in Fig. 1b. And Fig. 1c displays the typical photograph of the
FOMM. Here, the fiber MR is fabricated by sequentially inserting a
commercial standard PFBG (typical reflective spectrum is presented in
Fig. 1d) into two silica capillaries and filling the gap with UV glue. The
abrupt junction between the PFBG and silica capillaries induces an
acoustical mismatched impedance, confining the phonons into the
PFBG to form a high-Q mechanical resonator51.

As a demonstration of detecting themagnetic field, we further use
a cuboid Terfenol-D rod as the functional support (in Fig. 1b, c) to
respond to the ambient magnetic field. Figure 1e shows the mode
shapes of the fiber MR and the Terfenol-DMR. Consequently, when an
ambient magnetic field is applied to the FOMM, the Terfenol-D rod
generates the associated deformation and thus changes the length and
grating period of the fiber MR. By interrogating the reflection of the

PFBG determined by the grating period, the ambient magnetic field
could be measured in real time. Intriguingly, a large optomechanical
coupling coefficient is promised by the coaxial coupling between
motion of the Terfenol-D rod and the PFBG.

To improve the sensitivity, a mechanism of deformation transfer
is used to amplify the strain of the fiber MR from the deformation
of the Terfenol-D rod with a deformation transfer radio (DTR) of
DTR = L1/L2. Here the deformation of the Terfenol-D rodwith a length of
L1 is transferred to fiber MR with a length of L2, as shown in Fig. 1b.
Therefore, by increasing L1 and decreasing L2, one can achieve a larger
value of DTR and thus improved the sensitivity.

Building upon such scalable and fiber-compatible magnet-
ometers, a sensor network is constructed by simply injecting probe
light into the sensor network through a fiber-optic circulator. This thus
provides a simple, robust, low-noise and low-loss coupling approach.
Meanwhile, the PFBG is isotropic for the polarizations of probe light as
shown in Fig. S3 (in the Supplementary Information), suppressing the
influence of optical polarization fluctuations from random birefrin-
gence in SMF, especially for long-distance networks. Furthermore,
using commercially available fiber Bragg gratings andWDMs promises
a practical pre-distributed optomechanical sensing network.

Response to DC magnetic fields
We first investigate the system response to the DC magnetic fields. A
broadband light source and an optical spectrum analyzer are used to
measure the reflective spectrum shifts of the FOMMs with different
DTR as shown in Fig. 1a. The resonant wavelength shiftΔλ resulted from
the applied DC magnetic field B is given by ref. 52

ΔλðBÞ=0:74λcαBDTR ð1Þ

where λc is the dip wavelength of the PFBG in absence of the magnetic
fields and α is magnetostrictive coefficient of the Terfenol-D rod.

In our experiment, the DC magnetic field is generated using an
18-mm-diameter coil, which is calibrated with a commercial magnetic
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Fig. 1 | Optomechanical sensor network. a Experimental apparatus of the sensor
network.b Schematic diagramof the FOMM.The PFBGworks as an optical cavity to
readout the motion state of the fiber MR. When light with different wavelengths
(colored arrow from right to left) is injected into the PFBG, the resonant light (red
arrow) is reflected and the others pass through the PFBG. c Photograph of the

FOMM. d Normalized reflective spectrum of a representative PFBG. e Finite-
element simulations of mode shapes of the fiber MR and Terfenol-D MR. Disp.
mechanical displacement, BBS broadband source, OSA optical spectrum analyzer,
WDM wavelength division multiplexer, PDs photodetectors.
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sensor. Figure 2a shows the reflective spectra of the FOMMs with dif-
ferent DTR under varying DC magnetic fields. We observe that the
resonant dip of the PFBG shifts to the long wavelength region (red-
shift) as the DC magnetic fields increase. The wavelength shift is pro-
portional to the DTR and ambient magnetic fields. The peak sensitivity
is 8.73 pm/Gs (the resonant wavelength shift of the PFBG per unit
Gauss) for the FOMM with an DTR of 13.5, which is in good agreement
with the theoretical values (λc = 1550 nm and α = 0.564 ppm/Gs). The
corresponding optomechanical coupling constant gOM is 2π × 38.7
MHz/nm,where gOM = ∂ωc/∂x is defined as the resonant frequency shift
per unit displacement.

In parallel, direction ofmagneticfield is another keyparameter for
measuring the ambient magnetic fields. In Fig. 2b, the greed curve
represents the response of the FOMM (DTR = 13.5) to a magnetic field
orthogonal to the axis of the Terfenol-D rod. The corresponding sen-
sitivity is 0.01 pm/Gs, which is about one thousandth of that of the
FOMM to a magnetic field coaxial with the Terfenol-D rod. Therefore,
the FOMM realizes one-dimensional directional magnetic-field mea-
surement, overcoming the restrict of direction-insensitivity in repor-
ted optomechanicalmagnetometers and providing a potential way for
detecting three-dimensional vector magnetic fields.

Response to AC magnetic fields
To examine the response of the FOMM to AC magnetic fields, a probe
light from a tunable laser is coupled into the FOMM to monitor the
deformation of the fiberMR using the dispersive couplingmechanism,
where the wavelength of the probe light is slightly detuned from the
optical resonant dip. The reflective optical power with AC magnetic-

field excitations is given by

PðωÞ= ηPin +Δλk ð2Þ

where η and Pin are the reflectivity of the PFBG at thewavelength of the
probe light and the input power of the probe light, and k is the slope of
the reflective spectrum of the PFBG and is achieved from the deriva-
tion of Lorentzian function

kðΔÞ= 8ω2
PFBGP0ðRmax � RminÞ
ð4Δ2 +ω2

PFBGÞ
2 Δ ð3Þ

where Δ = λp - λc is the laser-cavity detuning, ωPFBG is the FWHM of the
PFBG, P0 is light power, Rmax is the maximum reflectivity of the PFBG,
and Rmin is the reflectivity of the PFBG at optical resonant dip. When
the frequency of the probe light is detuned by Δ = ±ωPFBG/12

1/2, the
slope k is maximized

kðΔ= ±ωPFBG=2
ffiffiffi
3

p
Þ= 3

ffiffiffi
3

p

4
P0ðRmax � RminÞ

ωPFBG
ð4Þ

The Response R(ω) in unit of dBm under AC magnetic excitation
could be expressed as28

RðωÞ= 10 log
ðgγΔλkÞ2

Z
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ð5Þ

Fig. 2 | Response of the FOMMs to DC and AC magnetic fields. a Reflective
spectrum shifts of the FOMMs with different DTR of 1, 8.3, and 13.5 as a function of
DCmagnetic fields. b Resonant wavelength shifts of the three FOMMs as a function
of coaxial and orthogonal DCmagnetic fields. c Noise power spectrum N(ω) of the
FOMM without magnetic excitation (upper), response R(ω) to frequency scanning

magnetic excitation (middle), and resolution Bmin as a function of frequency
(bottom). Inset: Finite-elementmodeling ofmechanical resonant eigenmode of the
Terfenol-D rod. d Analysis of optical noise power spectrum. Resolution bandwidth
(RBW) of the power spectra is 10Hz.
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where g and γ are the conversion gain and rate of the photodetector,
and Z is 50 Ω. For AC magnetic-field measurement, the mechanical
resonances need to be considered, and the resonant wavelength shift
Δλ =0.74λpαDTRω

2
TDχB(ω), where ωTD and χ(ω) are the resonant

frequency andmechanical susceptibility of the Terfenol-DMR. Finally,
the AC magnetic-field sensitivity could be obtained as41

BminðωÞ=
Brefffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

SNRðωÞ×RBW
p ð6Þ

where the signal-to-noise ratio (SNR) is the ratio of the response R(ω)
to the noise floor.

Figure 2c and d depicts a typical measurement at ambient
temperature and pressure. Concretely, Fig. 2c shows the noise power
spectrum N(ω) (upper panel) and the response R(ω) (middle panel)
of the FOMM with a DTR of 5.1, where the amplitude of AC magnetic-
field Bref keeps constant at 24 nT, and the resolution bandwidth
(RBW) of the spectrum analyzer is 10Hz. The response peak in Fig. 2c
(middle panel) locates at the position of the fundamental stretching
mode of the Terfenol-D rod with a mechanical quality factor of 180.
Experimental results show that the peak AC sensitivity is 537 fTHz-1/2

at 11.188 kHz, as shown in Fig. 2c (bottom panel). The corresponding
continuous 3-dB bandwidth43 is 62 Hz. We would like to emphasize
that the sensitivity varies considerably at the resonance frequencies
of different mechanical eigenmodes. In particular, the response is
proportional to the mechanical susceptibility of the MR χ(ω) = (ω2

m -
ω2 - iГ)−1 with the (energy) damping rate of mechanical mode Гm

7. By
introducing the mechanical quality factor Qm =ωm / Гm, it is found
that the resonant response of the FOMM (i.e., optimal sensitivity) is
proportional to χ(ω) = i / (Гmωm) = iQm /ω2

m, and the continuous 3-dB
bandwidth as defined by ref. 40 is determined by Гm. Given the
resonance frequency ωm, this naturally leads to a tradeoff between
response and bandwidth. In addition, Terfenol-D mechanical reso-
nator supports many mechanical modes ranging from 11 kHz to
hundreds of kHz, during which our optomechanical sensor can
detect magnetic fields. And in practice, most of the applications of
magnetic field detection focus on the frequency range of DC to
hundreds of kHz53.

To fully characterize the performance of the optomechanical
sensor, we measure all the classical noise, such as detector electronic
noise, laser intensity and frequency noise and shot noise, while cal-
culating the thermal noise of mechanical oscillator with a RBW of
10Hz. The results are plotted as Fig. 2d, and the derivation of the
thermal noise is presented in the Supplementary Information S4. It is
observed that the measured total noise is dominated by the laser fre-
quency noise. The thermal noise of the stretching eigenmode of the
Terfenol-D MR is beneath the noise floor, indicating that the precision
of this sensor could be improved by decreasing the laser
frequency noise.

Tunable resonant responses
In practice, broadband ultrasensitive measurement is challenging for
the reported optomechanical magnetometers. However, our device
addresses this issue by employing a bias magnetic field to adjust the
resonant frequency of the Terfenol-DMR. For the FOMMwith a DTR of
9.3, when the bias magnetic field increases from 0 Gs to 200 Gs, the
resonant frequency of the Terfenol-D MR decreases about 1.3 kHz in
Fig. 3a, b. The associated response and sensitivity under different
biasmagneticfields are illustrated in Fig. 3a, c. In accordancewith Eq. 5
and Eq. 6, the variation of the sensitivity results from the changes of
the magnetostrictive coefficient α of the Terfenol-DMR and the Qm of
the Terfenol-D MR. Specifically, as shown in Fig. 3d, when the bias
magnetic field increases from 0 Gs to 50 Gs, α increases gradually and
then reaches the saturation afterwards. However, the Qm decreases
rapidly from 146 to 9 as the bias magnetic field increases from 0 Gs to

100 Gs and becomes constant when the bias magnetic field increases
further. Similar performances of the Terfenol-D material have been
observed in related works54,55. In fact, the resonant frequency of the
fiber MR could be also changed by the bias magnetic field. Figure 3b
shows that the resonant frequency of fundamental flexural mode of
the fiber MR increases by 5.63 kHz as the bias magnetic field increases
from 0 Gs to 200 Gs. However, as shown in Fig. 3a, the mechanical
mode of the Terfenol-D MR presents higher response and better sen-
sitivity with respect to the fiber MR. Therefore, the peak AC sensitiv-
ities in this work are obtained at the resonant frequency of the
Terfenol-D MR.

Optomechanical sensor network
We demonstrate a kilometer-scale optomechanical sensor network,
and the associated results are illustrated in Fig. 4. Specifically, we
report the successful network operation by resolving the spatial var-
iations in themagneticfield, where amoving coil generating a constant
AC magnetic field passes through all the sensors subsequently.

As shown in Fig. 4a, b, in this network nine fiber-optic opto-
mechanical sensors (labeled Sensor 1–9) are deployed. Sensors 1–3 are
arranged in parallel with a 25mm separation, forming a scalar mag-
netometer (FOMMA) aligned with the applied magnetic field. Sensor
4–6 oriented orthogonally to each other constitute a vector magnet-
ometer (FOMMB), with Sensor 6 parallel to Sensors 1–3. Another vec-
tor magnetometer (FOMMC) consists of Sensors 7–9, also
orthogonally arranged but inclined at 66°, 35°, and 66° relative to the
magnetic field. All units (FOMMA–C) are interconnected via a one-
kilometer single-mode optical fiber, as depicted in Fig. 4b.

When the coil with a 6.4μT AC magnetic field at the resonance
frequency of the Terfenol-D rod moves from right to left, the sensor
network responds to the vector magnetic field in real time. Figure 4c
shows the measured results. As the coil passes FOMMC, all three
sensors (7, 8, and 9) exhibit clear responses, with amplitudesmatching
the theoretical predictions.When the coilmoves close to FOMMB,only
Sensor-6 responds significantly, while the others remain negligible due
to their orthogonal alignment with the coil’s field. These results
demonstrate the system’s capability for vector magnetic field mea-
surement. When the coil approaches FOMMA, the three sensors show
position-dependent responses, enabling coil localization through sig-
nal demodulation. By strategically deploying these optomechanical
sensors, the sensing network can monitor magnetic-field variations at
multiple positions and track the motion of magnetic objects. This
technology holds promise for applications such as power transmission
systems, antisubmarine operations, smart cities, and the Internet of
Things.

Discussion
We report a unique cavity optomechanical sensor network, integrating
the advantages of optomechanical ultrasensitive sensing mechanisms
and advanced optical fiber sensing technologies. This system achieves
robust, low-loss optical coupling, enabling practical deployment of
cavity optomechanics in real-world applications. Moreover, FBGs are
insensitive to polarization fluctuations and compatible with mature
optical fiber multiplexing technologies, providing a promising candi-
date for long-distance sensing networks.

As a proof-of-concept, we demonstrate a kilometer-scale opto-
mechanicalmagnetometer network, achieving unprecedented DC and
AC sensitivities at a magnetically unshielded ambient temperature
and pressure. This network holds great potential for geomagnetic
anomalies, space exploration missions, and mineral exploration. This
sensing schemecould also be employed tomeasure strains, vibrations,
and acoustic waves by choosing appropriate support, making this
platform particularly promising for the oil and gas industry, seafloor
faults and ocean dynamics, and earthquake and volcano dynamic
detection.
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The DC magnetic-field sensitivity BDC is directly proportional
to the DTR, and is unrelated to the FWHM. The best sensitivity is
8.73 pm/Gs for the FOMMwith a DTR of 13.5, and is slightly better than
the best value of reportedmicrocavitymagnetometers56,57 which is not
applicable to ACmagnetic-fieldmeasurement due to slow response of
magnetic fluid. Notice that the measurable DCmagnetic-field range of
the FOMM based on Terfenol-D material is ten times larger than that
of the microcavity magnetometers using magnetic fluid. This is
attributed to the fact that the saturated magnetic intensities of the
Terfenol-D material andmagnetic fluid are about 2300 Gs and 220 Gs,
respectively57. The best DC sensitivity of this device is also better than
that of typical fiber-optic magnetometers58,59. On the other hand, the
ACmagnetic-field sensitivity is proportional to theDTR, and is inversely
proportional to the FWHM of the PFBG. The best AC sensitivity of 537
fTHz-1/2 is achieved for the FOMMwith FWHM of 1.4 pm and DTR of 5.1.
This result is better than the reported values of previous optomecha-
nical magnetometers40–45. The sensitivity of this magnetometer is
mainly determined by the magnetostrictive mechanical resonator,
PFBG, anddeformation transfer radio. By using amechanical resonator
with larger magnetostrictive coefficient and increasing the deforma-
tion transfer radio, both DC and AC sensitivities can be improved. In
addition, the AC sensitivity could be further enhanced by decreasing

the FWHM of the PFBG and increasing the Qm of the magnetostrictive
mechanical resonator.

Methods
Fabrication of the FOMM
The key component of the proposed optomechanical sensor network
is the fiber MR. The fiber MR is fabricated by packaging a standard
PFBG into two separate silica capillaries with high-hardness adhesive
or arc-discharge splicing progress51. By adjusting the distance
between the two silica capillaries and the diameter of the PFBG, the
resonant frequency of the fiberMR could be controlled accurately. In
our experiments, the diameter of the PFBG is 125μm, and the
inner and outer diameters of the two silica capillaries are 126 and
1000μm.

Experimental setup for DC magnetic-field measurement
To sense DCmagnetic field, an amplified spontaneous emission (ASE)
light source with a wavelength range from 1520 nm to 1570 nm is
directed to the sensing network through a fiber circulator. The
reflective light from the sensing network, which contains the defor-
mation signals from the DC magnetic field, is monitored by an
optical spectrum analyzer. By measuring the wavelength shifts of the
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PFBG, the DC magnetic field can be demodulated in real time, as
shown in Fig. 2. To exclude the unwanted effects of temperature
fluctuations, an additional fiber-Bragg gratingwith different resonant
wavelength is cascaded for real-time measurement of ambient
temperature.

Experimental setup for AC magnetic-field measurement
The experimental setup for AC magnetic-field measurement is shown
in Fig. 1. We use continuously tunable lasers (CTL) to monitor the
deformation of the fiber MR, and demodulate the reflective light from
the sensing network using balanced amplified photodetector, digital
storage oscilloscopes, and electric spectrumanalyzers. After obtaining
the reflective spectrum of the PFBG, the wavelength of the probe light
from the CTL is scanned around the resonant dip of the PFBG to
choose a suitable value for the best slope k. The DC component from
the photodetector ismeasured by the digital storage oscilloscope, and
could be used to lock the laser to the PFBG. The corresponding AC
component of the photodetector is monitored by the electric spec-
trum analyzer to achieve the power spectral densities of the noise and
the response of the sensing network under AC magnetic-field
excitation.

Data availability
The data in Figs. 1–4 are provided in the Source Data file. The raw data
are available from the corresponding author upon request. Source
data are provided with this paper.

Code availability
The codes are available upon request from the corresponding author.
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