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A B S T R A C T

A highly sensitive optical fiber strain sensor with simple structure, easy preparation and temperature insensi
tivity is proposed. It consists of a parallel Fabry-Pérot Interferometer (FPI) based on the Vernier Effect (VE). The 
sensing cavity (FPIS) is formed by two single-mode fibers (SMFs) by fusion splicer arc discharge, and the 
reference cavity (FPIR) consists of two SMFs inserted into a hollow capillary tube（HCT）. The sensor has a high 
strain sensitivity of − 42.04 pm/µε and an ultra-low temperature cross-sensitivity of 0.022 µε/◦C, which reduces 
the measurement errors caused by temperature variations. At the same time, stable experimental measurements 
show that the interference fringes change by less than 20 pm. This sensor combines high strain sensitivity, ultra- 
low temperature cross-sensitivity, and stable performance for precise strain measurement applications.

1. Introduction

High-sensitivity strain sensing technology, which employs advanced 
sensors for materials and structure evaluation, plays a very important 
role in medical monitoring and diagnosis, civil engineering, aerospace, 
structural engineering, automotive industry, and military fields [1–3]. 
Compared to conventional electrical sensors, optical fiber strain sensors 
have unique merits such as small size, remote monitoring capability, 
high flexibility, low propagation loss, low manufacturing cost, and 
resistance to electromagnetic interference [4–7]. Among them, optical 
fiber strain sensors based on the FPI has drawn significant attention 
because of its compact structure and easy fabrication. To obtain stable 
spectra and achieve high sensitivity, the cavity length and effective 
index of the cavity can be modulated by chemical etching [8,9], splicing 
technique [10,11] and femtosecond laser micromachining [12]. Despite 
considerable efforts, it is still difficult to produce shorter bubble length 
or thinner bubble wall, as the cavity lengths and walls have reached 
their limits [13]. Recent applications are demanding and better perfor
mance such as higher precision in strain measurements, and conse
quently, breakthroughs such as significant sensitivity improvement are 
necessary.

The VE is an effective method to augment the sensitivity of optical 

fiber strain sensors based on FPI. [14–18]. The VE, which is produced by 
taking two slightly detuned interference signals and overlapping them to 
form a vernier envelope, has better sensitivity than individual in
terferometers in the structure [19,20], and several strain sensors based 
on the VE have been proposed [21,22]. For example, Deng et al. have 
fabricated a strain sensor consisting of two cascaded FPIs using femto
second laser pulse irradiation, with a strain sensitivity of 28.11 pm/με 
and a temperature sensitivity of 278.48 pm/◦C [23]. Zhang et al. have 
utilized femtosecond laser micromachining to produce a strain sensor 
consisting of two parallel-connected FPIs with a strain sensitivity of 
− 14.9 pm/με and a temperature sensitivity of 0 pm/◦C [24]. Never
theless, the manufacturing process requires expensive equipment and 
complex pre-processing, thereby increasing the cost and production 
complexity. Nan et al. have prepared a strain sensor consisting of open- 
cavity FPI and closed-cavity FPI in parallel showing a strain sensitivity of 
− 43.2 pm/με and a temperature sensitivity of − 27 pm/◦C [13]. Zhang 
et al. have designed a strain sensor based on a cascaded Fabry-Pérot 
cavity and an optical fiber Sagnac loop exhibiting a strain sensitivity of 
28.9 pm/με and a temperature sensitivity of 401.1 pm/◦C [2]. Although 
expensive equipment and complex pre-processing can be avoided, there 
is a need to reduce measurement errors arising from temperature vari
ations in order to further improve the strain sensitivity and to reduce the 
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temperature cross-sensitivity.
Herein, a parallel-structured fiber optic FPIs is designed based on the 

VE. The innovation lies in the simple process to realize high sensitivity 
sensing and effective suppression of temperature interference. The FPIS 
is prepared by fusion splicer arc discharge of two SMFs to produce air 
microbubble, and The FPIR is assembled with SMFs using HCT. The 
experimental results reveal that the parallel-structured fiber optic sensor 
has a high strain sensitivity of − 42.04 pm/με, which represents 4.76 
folds increase in the strain sensitivity compared to the single FPIS. In the 
temperature range of 30-150◦C, the temperature sensitivity and cross- 
temperature sensitivity of the sensor are 0.936 pm/◦C and 0.022 
µε/◦C, enabling efficient suppression of temperature disturbances. In 
addition, the sensor’s excellent stability and repeatability offer signifi
cant potential for microdisplacement sensing applications.

2. Sensor fabrication and working principles

The fabrication process of FPIS and FPIR is simple and safe. The 
fabrication process of FPIS is shown in Fig. 1(a). Firstly, the coated SMF 
was stripped, wiped with alcohol, then cut by a fiber cutter and the fiber 
was placed in an optical fiber fusion splicer (Fujikura 80 s). The SMF was 
moved close to the discharge electrode by driving motors. The dis
charging time was 1,000 ms and the power parameter was “-5”. Multiple 
discharges were initiated to round and smooth the flat fiber ends. Then, 
the two SMF surfaces were immersed in a small amount of refractive 
index matching liquid, and then the SMF with both tips covered by the 
liquid were put back to the fusion splicer. The refractive index matching 
solution was an oil-based substance with good stability, fluidity and 
lower surface tension. Subsequently, by adjusting the driving motors on 
the fusion splicer and moving and aligning the cores of the two optical 
fibers in the X and Y planes, the two optical fibers were slightly 
squeezed, representing the state of being prepared and to be processed. 
The discharging time was 1,200 ms and the power parameter was “20” 
in the one electrode discharge, at which time the initial formation of 
microbubble. Finally, the size of the microbubble was monitored during 
further discharge and the applied pressure, discharge time and discharge 
power were continuously adjusted in order to fully expand the gas 
within the fibers to form microbubble. The fabrication process of FPIR is 
shown in Fig. 1(b). Firstly, the SMF with one end face being flat was 
inserted into a HCT ( inner/outer diameter: 190/350 μm) and placed 
into the fusion splicer. The HCT was fused to the SMF by discharging the 
end of the HCT with the fusion splicer at a discharge power of + 5 and a 
discharge time of 600 ms. Then, another SMF with a flat end was 
inserted into the HCT, and the electric motor of the fusion splicer was 
used to adjust the distance between the end faces of the fiber in the 

capillary to acquire the interference spectrum. Subsequently, the end of 
the HCT was discharged using the fusion splicer (discharge power: +5, 
discharge time: 600 ms) to fuse the HCT and SMF, at which point the two 
flat SMFs inserted into the HCT formed an air cavity.

The optical microscopy image of the FPIS is shown in Fig. 2(a). By 
adjusting the driving motor, discharge time, and discharge power of the 
fusion splicer, the axial diameter of the FPIS bubble is 53.05 μm, the 
longitudinal diameter of the FPIS bubble is 66.15 μm, and the minimum 
wall thickness of the FPIS is about 3.02 μm. The smaller wall thickness 
acts on the bubble and makes it sensitive to external environmental 
changes. The optical microscopy image of FPIR composed of SMF and 
HCT is shown in Fig. 2(b). The two SMFs inserted into a HCT form an air 
cavity with a length of 63.69 μm.

Fig. 3(a) illustrates the sensing principle of FPIS, where M1 and M2 
are the two reflective surfaces of the bubble in the fiber optic. The light 
intensity IS from the supercontinuum light source enters the optical fiber 
and reaches M1 for the first reflection with an intensity of I1. A part of 
the light passes through M1 to reach M2 for the second reflection with an 
intensity of I2. Subsequently, the two reflected light beams are coupled 
in the core of the SMF to produce interference. Similarly, Fig. 3(b) shows 
the sensing principle of FPIR. M3 and M4 are the two reflective surfaces, 
with the first reflection intensity being I3 and the second reflection in
tensity being I4.

Since the quartz/air reflection energy is about 4 %, the intensity of 

Fig. 1. Schematic illustration of the fabrication of: (a) FPIS and (b) FPIR.

Fig. 2. Micrographs of: (a) FPIS and (b) FPIR.
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the third-order reflected light in the FP cavity is only 0.006 % of the 
original light intensity. The energy of the higher-order reflected light is 
so weak that it is almost negligible. Therefore, it can be regarded as two- 
beam interference, namely FPI. For two-beam interference, the expres
sion for the interference spectrum is [25]: 

IS = I1 + I2 + 2
̅̅̅̅̅̅̅̅
I1I2

√
COS(θ) , and (1) 

IR = I3 + I4 + 2
̅̅̅̅̅̅̅̅
I3I4

√
COS(θ) (2) 

where θ is the phase difference shift caused by the transmission of light 
in the air cavity. With regard to two-beam interference, the reflection 
spectrum has the cosine characteristic. The Free Spectral Range (FSR) of 
the reflectance spectrum is expressed by Eq. (3) and Eq. (4) [26]: 

FSRS = λS(m + 1) − λS(m) =
λS(m + 1)λS(m)

2neff LS
(3) 

and 

FSRR = λR(m + 1) − λR(m) =
λR(m + 1)λR(m)

2neff LR
(4) 

where m is the number of fiber interference levels, λm is the FPI resonant 
wavelength position corresponding to the interference level, neff is the 
refractive index of air about 1, and LS is the length of the air bubble and 
LR is the length of the air cavity.

In order to further improve the strain sensitivity of the sensor, two 
parallel FPIs are sued to form the VE. One FPI is the sensing unit, defined 
as FPIS, and the other FPI is the reference unit, defined as FPIR. Ac
cording to Vernier theory, the envelope FSRenvelope can be estimated as: 

FSRenvelope =
FSR SFSRR

|FSR S − FSRR|
(5) 

The magnification factor (M− factor) is an important factor of optical VE. 
Considering FSRS as the FSR of the sensing interferometer, the M− factor 
is expressed as[27,28]: 

M =
FSRenvelope

FSR S
=

FSRR

FSR R − FSRS
(6) 

The M− factor is also defined as the ratio of the sensitivity of the Vernier 
envelope to the sensitivity of the sensing interferometer (SS): [29,30] 

M =
Senvelope

SS
(7) 

3. Experimental setup

Fig. 4 shows a schematic of the experimental setup for strain mea
surement. 2 × 2 coupler is connected to a Supercontinuum light source 
(SC, 450–2500 nm) and an Optical Spectrum Analyzer (OSA) at one end, 
and FPIS and FPIR at the other end, respectively. The distance between 
the two moving platforms is set to 20 cm, and the axial stress applied to 
the sensor is 200 με at a time. At this point, it is only necessary to place 

the FPIS on the two three-dimensional (3D) moving control platforms, 
while the FPIR is placed and fixed on the glass slides as a reference.

4. Results and discussion

Fig. 5(a) and (b) show the raw FPIS and FPIR spectra in the wave
length range of 1,400 to 1,580 nm, with FSRS of 20.82 nm and FSRR of 
17.20 nm. The superimposed spectrum after combining FPIS and FPIR is 
shown in Fig. 5 (c). The lower envelope curve of the superposition 
spectrum is especially obvious, and the measured value of FSRenvelope is 
99.13 nm, which is in high agreement with the theoretically calculated 
value of 98.92 nm in Eq. (5). The raw spectra are converted by Fast 
Fourier Transform (FFT) into spatial frequency spectra, as shown in 
Fig. 5 (d-f). According to the FFT theory, the spatial frequency response 
is the inverse of the FSR. As shown in Fig. 5(d) and (e), there is only one 
dominant frequency component in each, labeled as Peak 1 (f = 0.0480 
nm− 1) and Peak 2 (f = 0.0581 nm− 1). Fig. 5(f) shows the spatial fre
quency response after connecting FPIS and FPIR in parallel. Due to slight 
detuning in the design, the corresponding FFT peaks (Peak 1 and Peak 2) 
are close in frequency, and the two adjacent dominant peaks correspond 
to those in Fig. 5(d) and (e).

Fig. 6(a) and (b) show the forward and reverse strain measurements 
after applying from 0 to 1,200 με to the single FPIS. The microbubble 
inside the optical fiber sensor deforms slightly as the external stress 
varies, and the wavelength change is proportional to the strain. The 
forward strain sensitivity of 8.84 pm/με and the reverse strain sensitivity 
of 8.82 pm/με are calculated from the values of the wave valley near 
1,540 nm, and the corresponding linearities are 0.9989 and 0.9991, 
respectively.

In order to improve the response of the sensor, the FPIS is connected 
in parallel with FPIR to approximate the FSR to form VE. The connection 
is shown in Fig. 4. Since the FSR of the FPIR is smaller than that of the 
FPIS, as the strain increases from 0 to 1,200 με, the envelopes shift to a 
smaller wavelength opposite to the shift direction of the single FPIS, as 
shown in Fig. 7 (a). The strain variation with stress decreases from 1,200 
με to 0 με and demonstrated in Fig. 7 (b). Fig. 7 (c) shows that the for
ward strain sensitivity is 42.04 pm/με with a linearity of 0.9946, and the 
reverse strain sensitivity is 41.66 pm/με with a linearity of 0.9896. 
These two sensitivities are very close to each other confirming the 
excellent reproducibility and reversibility of the sensor. Moreover, the 
sensitivity is about 4.76 times that of the single FPIS sensor, which is in 
good agreement with the theoretical calculations.

Stability tests on the sensor are performed at room temperature. The 
interference spectrum is collected for each increment of 200 με with a 
forward application of 0–1,200 με and held for 5 min. As shown in Fig. 7
(d), the stability is verified by the consistency of the reflectance spectral 
valley near 1,500 nm under different strains. Additionally, the strain is 
kept at 200 με, and the reflectance spectra of the sensor are recorded 
every 10 min for 60 min, as shown in the inset in Fig. 7 (d). The variation 
of the interference fringes is less than 20 pm, probably because the 
complex environment of the experimental platform inevitably produces 

Fig. 3. Sensing principles of: (a) FPIS and (b) FPIR.
Fig. 4. Schematic diagram of the experimental setup for strain testing.
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slight vibrations that bias the data and small errors in the stability ex
periments. All in all, the sensor exhibits good stability.

In the temperature test, the FPIS fiber is fixed with high-temperature 
tape on the middle platform of the far-infrared rapid-drying oven, and 
the FPIR is in a room-temperature environment. As shown in Fig. 8 (a), 
the temperature is increased from 30 ◦C to 150 ◦C in steps of 20 ◦C, and 
the interference spectra are collected after each temperature point is 
stabilized. Due to the extremely low thermo-optical and thermal 

expansion coefficients of air and quartz fibers, the interference spectra 
remain essentially stable during the warming process, as shown in the 
inset of 8 (a). As shown in Fig. 8 (b), the temperature sensitivity of the 
sensor is only 0.936 pm/◦C, and the calculated temperature cross- 
sensitivity is 0.022 µε/◦C. This confirms that the temperature crosstalk 
is extremely low and can be ignored in practical applications.

The properties of our sensor are compared to those of similar VE- 
based strain sensors reported recently in terms of working range, 

Fig. 5. (a) Interference spectra of FPIS; (b) Interference spectra of FPIR; (c) Interference spectrum of the sensor consisting of FPIS and FPIR in parallel; (d) Spatial 
frequency spectra of FPIS; (e) Spatial frequency spectra of FPIR; (f) Spatial spectrum of the sensor consisting of FPIS and FPIR in parallel.

Fig. 6. Strain response of the FPIS: (a) Forward strain test, (b) Reverse strain test, and (c) Strain sensitivity.
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strain sensitivity, and temperature sensitivity, as shown in Table 1. Our 
sensor shows a high strain sensitivity, a small temperature sensitivity, as 
well as a temperature cross-sensitivity of 0.022 µε/◦C. Furthermore, the 
sensor can be manufactured without costly equipment or hazardous 
chemicals, consequently increasing the safety and cost-effectiveness in 
mass production.

5. Conclusion

A highly sensitive air microbubble strain sensor based on the Vernier 
effect is designed and demonstrated to have a strain sensitivity that is 
4.76 times better than that of the single FPI sensor. The sensor has the 
advantages of simple preparation, easy operation, high success rate, and 
low cost. The experimental results reveal that the parallel-structured 
sensor has an ultrahigh strain sensitivity of − 42.04 pm/µε as well as 
temperature sensitivity and temperature cross-sensitivity of 0.936 pm/ 

◦C and 0.022 µε/◦C, respectively, consequently reducing the measure
ment errors caused by temperature variations. In addition, the strain 
sensor is highly repeatable and stable, thus demonstrating great com
mercial potential.
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