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ABSTRACT
We demonstrate a fiber-optic strain sensor with high and tunable sensitivity by constructing a Fabry–Perot interferometer with tunable
stretching length. By improving the ratio of stretching length to interference length for the proposed sensor, the measured strain sensitivity is
up to 1932 pm/με, which is an order of magnitude higher than the maximum value of reported fiber-optic strain sensors so far. The sensitivity
for a prepared sensor could be also tuned conveniently by changing the stretching length, and experimental results show that the sensitivity
could be tuned from 1932 to 978 pm/με by reducing the stretching length from 12 to 6 mm. Furthermore, the proposed device is economical,
straightforward, robust, and reproducible. The advantages make the proposed device promising in practical applications.
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I. INTRODUCTION

Optical fiber strain sensors are of great value in varied exciting
applications, such as marine geophysics,1,2 rechargeable lithium-ion
batteries,3 aircraft health monitoring,4,5 composite materials,6 and
biomechanics,7 owing to the promising advantages of miniature
size, inertness, biocompatibility, low cost, immunity to electromag-
netic interference, and suitability to be embedded into structures. In
recent years, various fiber-optic devices are used to measure ambient
strain, such as Bragg gratings,8–11 long-period gratings,12–14 Mach-
Zehnder interferometer,15–18 and Fabry–Perot interferometer.19–24

Strain sensors using fiber Bragg grating play an important role in
strain measurement because of the advantage of wavelength divi-
sion multiplexing, but the maximum sensitivity of those strain
sensors is less than 10 pm/με.8–10 The strain sensors based on
long-period gratings could obtain higher sensitivity, and the max-
imum strain sensitivity reported using S-shaped long-period grating
is 29.3 pm/με.12 However, the cross sensitivity of temperature for
fiber-grating strain sensors needs to be eliminated, and the pro-
cessing systems of fiber gratings are expensive. Compared with
fiber gratings, fiber-optic interferometers based on special optical
fibers or fiber-optic microstructures could further improve the sen-
sitivity. For example, the sensitivity of the Mach–Zehnder strain

sensor using dissimilar-doping dual-core fiber is up to 102 pm/με.18

Another common fiber-optic interferometer for strain measurement
is Fabry–Perot interferometer (FPI),19–24 where the reflective princi-
ple is beneficial to simplify the sensor structure. In order to improve
the strain sensitivity, several artful sensors are demonstrated, such as
reducing the cavity length of FPI,19 cascading FPIs,20 in-fiber rect-
angular air bubble,21 pillar-in-bubble cavity,22 and parallel FPIs in
multicore fiber,23 and the maximum strain sensitivity is 56.69 pm/με
by fabricating a pillar-in-bubble FPI with a CO2 laser machining sys-
tem.22 For the strain sensors based on fiber-optic interferometers,
the high sensitivity is owing to the expensive special optical fibers
or complex machining systems, such as dissimilar-doping dual-core
fiber, photonic crystal fiber, multicore fiber, femtosecond laser, and
CO2 laser. Therefore, new methods need to be developed further for
economic high-sensitivity strain sensors.

In this paper, an ultrasensitive fiber-optic strain sensor is
demonstrated by constructing an FPI with a large ratio of stretch-
ing length to interference length. In our experiments, the measured
strain sensitivity for the sensor with 9.3 μm cavity length is up to
1932 pm/με that is 19 times larger than the maximum value for
all reported fiber-optic strain sensors18 so far. Meanwhile, the sen-
sitivity could be tuned artificially by changing the position of the
fixed points, and experimental results show that the sensitivity of
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the device with 9.3 μm cavity length could be tuned from 1932 to 978
pm/με, which is beneficial to different practical applications. In addi-
tion, the cost of the proposed device is very low for the economical
processing equipment and raw materials. Therefore, the proposed
device shows attractive potentialities for practical applications.

II. FABRICATION AND PRINCIPLE
The schematic diagrams of the proposed sensor and measuring

setup are shown in Fig. 1. The constructing method of the sensor
is simple and reproducible. First, some raw materials need to be
prepared, including two single mode fibers (SMFs, FullBand® Low
Water Peak Single-mode Fiber, YOFC) with a mode field diameter
of about 9.8–10.8 μm and the effective group refracting index of
1.467 at 1550 nm and a silica capillary (SC, Beijing Xingyuan Aote
Technology Co., Ltd.) with an inner diameter of 130 μm and outer
diameter of 200 μm. It should be noted that the inner diameter of
the SC is important for the sensor because the fringe visibility of
the FPI will decrease when the inner diameter of the SC increases,
and the SMFs cannot move freely when the inner diameter is less
than 130 μm. Second, the coatings of two SMFs are removed by
a commercialized optical fiber stripper (FiberHome Telecommuni-
cation Technologies Co., Ltd.) and further wiped with alcohol to
remove surface residue and stains. The end faces of SMFs are pre-
pared and inspected using a fiber cleaver (S326A, FITEL) and fiber
inspection scope (FS201, Thorlabs) to ensure that the end faces are
flat, smooth, and vertical. Attention is also paid that the bare SMFs
are not in contact with any objects to prevent pollution and dam-
age. The two SMFs are inserted into the SC and the two smooth end
faces form an FPI, as shown in Fig. 1. Third, the relative position
between the right SMF and the SC is fixed by using an instantaneous
adhesive (401, LOCTITE), and the position of the left SMF needs to
be optimized according to the reflected spectrum of the FPI from

FIG. 1. (a) Schematic diagrams of the proposed strain sensor and measuring
setup, including the broadband source (BBS), fiber-optic circulator (FOC), and
optical spectrum analyzer (OSA). Two single mode fibers (SMFs) are inserted into
silica capillary (SC) to form two-beam FPI. (b) Optical pictures of the sensor.

the optical spectrum analyzer (OSA, OSA203C Fourier trans-form
Optical Spectrum Analyzer, Thorlabs). After optimizing the relative
position between the left SMF and the SC, they need to be fixed
with the same type of instantaneous adhesive. Figure 1(b) shows a
representative optical picture of the sensor and micrograph of the
two SMFs in the silica capillary. In our experiments, a broadband
source (BBS, OELSC-100 MIR Supercontinuum Light Sources, O/E
Land Inc.) with a wavelength range of 1.4–2 μm and a fiber-optic
circulator [FOC, CRI-1550-3-P-900-1-FA Polarization Insensitive
Optical Circulator, Advanced Fiber Resources (Zhuhai) Ltd.] are
used to couple light into the sensor and the OSA, as shown in Fig. 1.
The proposed FPI strain sensor is fixed on two precision single-
axis linear stages with differential adjuster (DM12, PT1A, Thorlabs),
where the fixed points are P0 and P1. When axial strain is imposed
to the sensor by adjusting the distance between the two precision
linear stages, the stretching length, which is the length of the SC
between the fixed points P0 and P1, will be lengthened, the cavity
length of the sensor increases, and the corresponding reflective spec-
trum of the FPI sensor will shifts. Therefore, the axial strain can be
achieved by monitoring the shift of the reflective spectrum of the
FPI sensor.

According to the two-beam interference theory, the normalized
reflected intensity Iref from the FPI sensor can be modeled as

Iref = R1 + (1 − α1)2(1 − α2)(1 − γ)2(1 − R1)2R2

+ 2
√

R1R2(1 − α2)(1 − α1)(1 − γ)(1 − R1)
× cos (4πnairL0/λ + π), (1)

R1 = R2 = (ncor − nair)2/(ncor + nair)2, (2)

where Rn is the reflection coefficient of the two SMFs; γ is the trans-
mission loss; L0 is the FP interference length, which equals the gap
between the two SMFs; ncor and nair are the refractive indices of
the SMF and air; α1 and α2 are the mirror loss; and λ is the optical
wavelength in vacuum. According to Eq. (1), the m-order resonant
wavelength of the FPI can be calculated by

λm = 2L0nair/m. (3)

When the strain ε = ΔL/L is imposed to the sensor, L0 and λm
will become L0 + ΔL and λm + Δλm. ΔL is the corresponding dis-
placement of the translation stages, and L is the stretching length
between the two fixed points on the two precision linear stages. The
relationship between Δλm and the strain ε can be expressed as22

Δλm

ε
= λm

L
L0

. (4)

From Eq. (4), the strain sensitivity is proportional to stretching
length L and the resonant wavelength λm, and is in inverse propor-
tion to the interference length L0. Therefore, the sensitivity could
be improved by increasing the stretching length L and the resonant
wavelength λm and decreasing the interference length L0.

Another advantage of the proposed sensor is that the strain
sensitivity could be tuned conveniently even though the sensor is
completed. From Eq. (4), the strain sensitivity is proportional to the
stretching length, so the sensitivity could be tuned by changing the

Rev. Sci. Instrum. 94, 115003 (2023); doi: 10.1063/5.0154895 94, 115003-2

Published under an exclusive license by AIP Publishing

 09 N
ovem

ber 2023 00:11:25

https://pubs.aip.org/aip/rsi


Review of
Scientific Instruments

ARTICLE pubs.aip.org/aip/rsi

FIG. 2. (a) Schematic diagrams of the strain sensor with tunable stretching length
between the fixed points. (b) Optical pictures of the tunable stretching jigs.

stretching length, even though the proposed sensor is completed.
Figure 2 shows the schematic diagrams of the strain sensor with tun-
able stretching length between the fixed points and optical pictures
of the tunable stretching jig in the experiments. The left jig is fixed
and the right jig is tunable. As shown in Fig. 2, a suitable sensitiv-
ity for various practical applications could be obtained by choosing
different stretching lengths between the fixed points.

III. EXPERIMENTAL RESULTS AND DISCUSSION
In our experiments, several sensors are constructed to demon-

strate the sensing principle. Figure 3(b) shows two representative
measured reflected spectra of the sensors. The cavity lengths of the
FPI strain sensors are 13.8 and 9.3 μm according to Eq. (3), and the
corresponding fringe visibilities are 22 and 16 dB, respectively. To
corroborate the experimental results in Fig. 3(b), we calculated the
corresponding normalized reflective spectra of the sensors accord-
ing to Eqs. (1) and (2), as shown in Fig. 3(a), where the calculated
parameters are ncor = 1.46, nair = 1, α1 = α2 = 0.004, and γ = 0.20 and
0.05 for the sensors with 13.8 and 9.3 μm cavity lengths, respectively.
The measured data are consistent with the calculated results.

FIG. 3. (a) Calculated and (b) measured reflective spectra of the sensors.

To corroborate the practical application of the proposed sen-
sors, we investigate the response of the sensors to the strain. As
shown in Figs. 1 and 2, the FPI strain sensor is fixed between two
translation stages, and the stretching length L could be tailored
by changing the positions of the two fixed points. When strain is
imposed to the proposed FPI sensor, the SC between the fixed points
is stretched, and the cavity length L0 and the m-order resonant
wavelength λm of the FPI sensor increase. In our experiments, two
different stretching lengths L are designed to demonstrate the tun-
able sensitivity of the proposed strain sensor, where the two different
stretching lengths are 12 and 6 mm, respectively. Figure 4 shows the
reflective spectra evolution patterns of the sensor with 9.3 μm cav-
ity length as the strain changes from 0 to 25 με. The dip wavelength
λm gradually increases as the strain enlarges from 0 to 25 με. The
shift Δλm with a stretching length of 12 mm is two times of that with
a stretching length of 6 mm. To evaluate the strain sensitivity, we
trace the Δλm of dip wavelength (1550.45 nm) as the strain changes.
Figure 4(c) shows that the sensitivities of the sensor with stretch-
ing lengths of 6 and 12 mm are 978–1932 pm/με, respectively. The
measured strain sensitivities are close to the calculated sensitivities
of 989–1979 pm/με according to Eq. (4). The differences between
the measured sensitivity and the calculated sensitivity may result
from the measured errors of the stretching lengths. Similar measured
results have been obtained for other sensors. In our experiments, the
measured sensitivity for the strain sensor with 9.3 μm cavity length
is up to 1932 pm/με, which is 19 times larger than the maximum

FIG. 4. Reflected spectra for FPI sensors with two stretching lengths of 12 mm (a)
and 6 mm (b) and resonant wavelength shifts (c) as a function of strain.
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TABLE I. Results of the tensile stress of the silica capillary (SC).

Length
of SC L (mm)

Stretching
length ΔL (μm)

Maximum
strain ε

Maximum
stress σ (GPa)

8.9 148.5 0.02 1.20
6.9 143.5 0.02 1.50
9.3 153.5 0.02 1.19

value for all reported fiber-optic strain sensors18 so far, and the sen-
sitivity could be improved further by enlarging the stretching length
or decreasing the interference length for the proposed strain sen-
sor. Meanwhile, the advantage of tunable sensitivity for a prepared
sensor has also been demonstrated in Fig. 4. The sensitivity of the
sensor with 9.3 μm interference length could be tuned from 1932 to
978 pm/με by reducing the stretching length from 12 to 6 mm.
Therefore, the strain sensitivity for a prepared sensor could be
adjusted conveniently according to the requirement of practical
applications.

To obtain the maximum tensile stress of the silica capillary in
the proposed sensor, three silica capillaries with different lengths are
stretched to rupture apart in our experiments, and the maximum
strains are shown in Table I. The maximum tensile strain for the sil-
ica capillary is about 0.02, which agrees with the reported values.25

Therefore, the maximum stretching length for the silica capillary
with a length of 12 mm is about 0.24 mm.

Similar to the extrinsic FPI sensor in our previous work,26 the
temperature sensitivity of the demonstrated extrinsic FPI strain sen-
sor is usually less than 1 pm/○C, which benefits from the low thermal
expansion coefficient (∼0.56 × 10−6/○C) and small cavity length.
The corresponding strain error resulting from ambient temperature
fluctuation is 5.2 × 10−4/○C for the sensor with a cavity length of
9.3 μm and a stretching length of 12 mm. Therefore, the temperature
cross sensitivity is very low. In addition, compared with other report
strain sensors, the cost of the proposed device is very low because the
essential raw materials are the economical SMF and silica capillary
and the processing equipment is simple glue fixation.

IV. CONCLUSION
In conclusion, we have experimentally demonstrated an ultra-

sensitive fiber-optic strain sensor by constructing an extrinsic FPI
with a large ratio of stretching length to interference length. The
strain sensitivity of the proposed device is up to 1932 pm/με, which
is an order of magnitude higher than the maximum value of all
reported fiber-optic strain sensors so far. Meanwhile, the sensitivity
could be tailored artificially by changing the stretching length of the
sensor. In addition, the cost of the proposed device is very low for the
economical processing equipment and raw materials. Therefore, the
proposed device shows attractive potential for practical applications.
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