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A B S T R A C T   

A Fabry-Pérot interferometer (FPI) strain sensor with low-temperature cross-sensitivity is prepared by a simple, 
cost-effective, and safe process. The sensor is fabricated by splicing two segments of the single-mode fiber and 
several arc discharges to form a unique circular bubble and a thin wall. The thin air-bubble wall deforms more 
easily under stress due to the good stress concentration ability of the tapered structure, resulting in a high strain 
sensitivity of 10.78 pm/µε. The temperature sensitivity of the sensor is 1.24 pm/◦C and the temperature cross- 
sensitivity is 0.115 με/◦C in the temperature range of 25 to 200 ◦C, which reduces the temperature-induced 
measurement error. The experimental results show that the sensor with good stability and repeatability has 
large commercial potential in measuring strain in complex environments.   

1. Introduction 

Fiber optic sensors boasting low power loss, small size, low suscep
tibility to electromagnetic interference, and easy remote control are 
gradually replacing traditional electrical sensors in many sensing ap
plications for temperature, refractive index, and strain [1–8]. Fiber optic 
sensors based on different principles have been demonstrated and 
studied, for instance, fiber Bragg gratings (FBGs) [9–11], Sagnac in
terferometers [12,13], Mach-Zander interferometers (MZIs) [14–16], 
and Fabry-Pérot interferometers (FPIs) [17–24]. Sensors based on FBG 
or MZI usually have a large temperature cross-sensitivity, and the tem
perature effects caused by thermo-optical or thermal expansion may 
produce extra spectral drifts. Therefore, temperature compensation is 
often required for accurate strain measurement consequently increasing 
the complexity of the sensing systems [25–28]. 

In strain measurements, FPI-based fiber optic sensors have the ad
vantages of high sensitivity, linear response, low-temperature cross- 
sensitivity, and miniature size compared to other sensor structures 
[29,30]. Many methods have been proposed and demonstrated to 
fabricate microbubble FPI strain sensors. For example, Wu et al., have 
used a fusion splicer (FSM-45PM) to prepare FPI strain sensors for 

splicing single-mode fibers (SMF) and hollow-core fibers (HCF) with 
strain sensitivity and temperature cross-sensitivity of 3.29 pm/με and 
0.328 με/◦C, respectively, and have investigated the lateral loads and 
strain [17]. Cai et al., have proposed an asymmetrical micro air bubble 
FPI strain sensor. The micro air bubbles are formed by chemically 
etching an erbium-doped fiber (EDF) to attain a strain sensitivity of 
10.15 pm/με and temperature cross-sensitivity of 0.42 με/◦C [18]. 
However, the manufacturing process of these sensors involves complex 
pretreatment and hazardous chemicals, thus increasing the cost and 
production difficulty and the yield decreases due to the complex process. 
Even though the optimized fabrication process can be used to produce 
strain sensors with interference contrast up to 25 dB, it still remains 
challenging to further improve the temperature cross-sensitivity. 

In this study, a Fabry-Pérot interferometer (ACFPI) with an approx
imately circular bubble and low temperature-strain sensitivity is 
designed and demonstrated. Two SMFs are fused to form the tiny bubble 
and different stresses are applied and released to produce an approxi
mately circular bubble with an average wall thickness of 1.73 μm and 
diameter of 68 μm. The tapered structure and thin wall allow greater 
deformation under tensile stress resulting in an excellent strain sensi
tivity of 10.78 pm/με. In the temperature range of 25 − 200 ℃, the 
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temperature sensitivity of the sensor is 1.24 pm/℃ and the temperature 
cross-sensitivity is only 0.115 με/℃ consequently enabling precise 
strain measurements and a wide range of applications in civil structures, 
machinery and equipment, space shuttles and robotics. 

2. Sensor fabrication and working principles 

The manufacturing process of the sensor is safe, simple, and efficient, 
as shown in Fig. 1. Prior to the preparation, it was necessary to perform 
certain procedures. Specifically, the coating layer of the single mode 
fiber (SMF) was peeled off using a fiber Miller pliers and wiped with 
alcohol, and the SMF was cut smoothly with a fiber cutter, as shown in 
Fig. 1(a). The fiber was placed in a fiber fusion splicer (Fujikura 80 s) 
and adjusted to the proper position by the motor. Using the appropriate 
discharge time and discharge power, multiple discharges were produced 
to make the flat fiber end round and smooth, as shown in Fig. 1(b). The 
other SMF was prepared by a similar method, with both fibers dipped in 
a small amount of refractive-index-matching solution (Nd:1.47), so that 
the tips of both fibers were covered by the liquid. The refractive index 
matching solution is an oil-based material with the advantages of non- 
volatility and excellent adhesion, making it more suitable for experi
mental operations. The fibers were then placed in the fiber fusion splicer 
with both ends of the fibers to be fused fixed by the fiber presser feet, as 
shown in Fig. 1(c). By manipulating the left and right motors, as shown 
in Fig. 1(d), the end surfaces of the curved fibers were surrounded by the 
liquid and a slight displacement was applied on top to squeeze the two 
SMFs. By adjusting the discharge time and discharge power of the 80 s 
fusion splicer, a micro air bubble was formed as shown in Fig. 1(e). The 
size of the fiber bubble was monitored during further discharging, and 
the pull pressure, discharge time, and discharge power were adjusted 
continuously to obtain the microbubble as shown in Fig. 1(f). 

The fiber-optic microbubble composed of all-quartz materials with 
the circular shape is located in the middle of the fiber and Fig. 2 depicts 
the microscopic image. The discharge power and discharge time deter
mine the rate of air bubble formation and the final air bubble wall 
thickness. By precisely controlling the discharge power, the wall 

thickness can be reduced to approximately 1.73 μm. The wall thickness 
and applied tensile stress determine the radius of the bubble and precise 
control of the tensile stress leads to the sensor microbubble length of 
only 68 μm. The small bubble not only improves the strain sensitivity of 
the sensor, but also is promising in microstrain monitoring and 
integration. 

When the external environment changes, the sensor undergoes a 
small deformation and the cavity length changes accordingly, causing 
the reflection spectrum of light in the bubble to drift, using this method 
to achieve the sensing function of ACFPI。Except for FPI, there are also 
fiber Bragg grating sensors, which have a strain sensitivity of only 2 pm/ 
με [21], but it requires the requires the discrimination of thermal strain 
and pure force-induced strain of the sensing point in high-temperature 
strain measurement [31]. The bubble structure of the Fabry-Pérot 
sensor has a thinner wall thickness, which allows the strain to act better 
on the FP cavity as shown in Fig. 3, thus having a greater effect on the 
variation of the cavity length and therefore a higher strain sensitivity. 

The schematic and working principle of the fiber optic sensor are 
ilustrated in Fig. 4, in which M1 and M2 are the two reflective surfaces of 
the air cavity and the light intensity from the continuous light source 
into the fiber is I0. Light reaching the M1 reflective surface undergoes 
first reflection. The reflected light intensity is I1 and part of the light 

Fig.1. Schematics showing the fabrication of the ACFPI.  

Fig. 2. Microscopic picture of the ACFPI.  

Fig. 3. Numerical simulation of the applied strain range of ACFPI.  

Fig. 4. Schematic diagram showing the air bubble in the ACFPI.  
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passes through the air cavity to M2 to undergo second reflection. The 
reflected light intensity is I2, and the two beams of reflected light 
coupled in the single-mode fiber core produce interference. 

Given that the reflection energy of quartz/air is only 4%, it can be 
observed that the third reflected light intensity inside the bubble is a 
mere 0.006% when the bubble allows for the complete trasmission of the 
light intensity, the higher-order reflected light energy is very weak and 
almost negligible, so we consider it as double-beam interference, namely 
Fabry-Pérot interference. With regard to two-beam interference, the 
interference spectrum can be expressed as: 

I = I1 + I2 + 2
̅̅̅̅̅̅̅
I1I2

√
cos(θ) (1)  

where θ is the phase difference shift caused by transmission of light in 
the air cavity. The reflection spectrum exhibits the cosine characterstics 
in two-beam interference. The Free Spectral Range (FSR) of interfering 
spectrum can be given by Eq. (1) as: 

FSR = λm+1 − λm , and (2)  

FSR =
λm+1λm

2neff L
(3)  

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

The change in FPI cavity length can be derived by calculating the 
change in the position of the peak spectral resonance: 

δL/L ≈ δλ/λ (4) 

where δL is the amount of cavity length variation and δλ is the change 
of wavelength. In summary, the cavity length L variation can be calcu
lated or monitored in real time based on the interference spectral FSR. 

Strain is a physical quantity that measures the magnitude of defor
mation of an object, and measuring deformation using the FPI method is 
the most direct and effective way. A change in the strain magnitude 
alters the cavity length and causes a drift in the fiber FPI spectrum as 
shown in the following: 

Δλ = kFPεFP (5)  

where kFP is the strain coefficient of the FP cavity and εFP is the 
magnitude of the applied strain on the fiber. The cavity length of the 
bubble cavity is too small compared to the fiber length and is negligible. 
Hence, the change in the cavity length is determined by the volume 
change of the FPI and the cross-sectional area is given by: 

ΔεFPEπ
(

d2
fiber − d2

FP

)
= ΔεfiberEπd2

fiber (6)  

where E is the Young’s modulus of the fiber and d is the radius of the 
section corresponding to the subscript. 

The strain exerted by the microbubble in the fiber is [32]: 

εFP =
ΔLFP

LFP
(7) 

Combining the above equations, the strain relationship between the 
fiber optic sensor and bubble cavity is obtained as follows: 

ε =

LFP + Lfiber
d2

fiber − d2
FP

d2
fiber

LFP + Lfiber
εFP (8) 

Combining Eq. (3) and Eq. (7), the strain sensitivity of the sensor is 
obtained as follows: 

k =
Δλ
ε = kFP

LFP + Lfiber

LFP + Lfiber
d2

fiber − d2
FP

d2
fiber

(9) 

In this sensor, the wall thickness is reduced to increase the bubble 

radius, and it can be seen from Eq. (8) that the bubble radius is pro
portional to the strain sensitivity of the sensor and the strain sensitivity 
increases with the increase of the radius. 

When the environmental temperature changes, the mode index dif
ference Δn and SMF length LSMF also change accordingly, and the 
reflection spectrum has a wavelength shift Δλ. The temperature 
response of the interferometer is 

Δλ
λ

≈ (α + ξ)ΔT (10)  

where Δλ/λ is the relative wavelength shift caused by temperature 
change ΔT, α and ξ are the thermal expansion coefficient and thermo- 
optical coefficient of the SMF material, respectively. It can be found 
that the wavelength shift caused by the temperature change is only 
determined by the properties of the SMF material. 

3. Results and discussion 

An appatus depicted in Fig. 5 is set up to investigate the strain 
characteristics of ACFPI. A 3 dB ring coupler is connected to the SuperK 
COMPACT (SC, 450–2500 nm) on one end and to the optical spectrum 
analyzer (OSA, resolution 0.02 nm) on the other end. The fiber optic 
sensor is placed in the middle of two three-dimensional (3D) moving 
stages and axial stress is applied to the sensor by rotating the knob. For 
linear deformation, the strain is defined as the ratio of the change to the 
initial amount as shown in Eq. (7). Since the sensor has a limited strain 
tolerance, it is imperative to avoid selecting a small distance L of the 
three-dimensional moving platform during the experiment, because the 

Fig.5. Optical fiber strain platform.  
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sensor can be easily damaged if the distance is too small. Therefore, by 
fixing the distance between the two moving platforms at 10 cm, the 
sensor is subjected to 100 με for each 10 μm step and the amount of axial 
stress applied to the sensor is changed. 

Fast Fourier transform is performed on the reflection spectra of the 
ACFPI structure as shown in Fig. 6. There is only one strong peak proving 
two-beam interference. In other words, the structure has an all single- 
component Fabry-Pérot cavity. As shown in Fig. 6, the reflection spec
trum exhibits the required cosine characteristics for two-beam 
interference. 

The deformation of a microbubble in the fiber optic strain sensor 
under external stress produces a drift in the interference peak, which can 
be utilized to determine the magnitude of the stress. Fig. 7(a) shows the 
different stress profiles ranging from 0 με to 1200 με at room tempera
ture. The microbubble fiber is fixed on a three-dimensional moving 
platform, and the length of the microbubbles in the fiber is changed 
during the application of 0–1200 με, which results in a red-shift of the 
sensor’s interference spectrum, as well as a total wavelength drift of 
about 15 nm. Because of the unique circular structure, Fig. 7(a) shows 
λm = 1541.46 nm and λm+1 = 1559.08 nm at a wavelength of 1,550 nm. 
The FSR is 17.62 nm according to Eq. (2) and the bubble length is 
68.197 μm according to Eq. (3). The microscopic image reveals that the 
actual bubble length is 68 μm, indicative of an error of only 0.197%. The 
linear relationship between stress and wavelength drift at different 
strain levels in Fig. 7(b) shows an R2 of 0.99488 indicating good line
arity. Based on the fitted wavelength drift to stress, the slope shows that 
the strain sensitivity is 10.78 pm/με. 

Numerical simulations are conduted on the ACFPI to explore the 
underlying mechanism of the high strain sensitivity. Fig. 8 illustrates the 

deformation of the microbubble inside the embedded sensor with 20- 
fold magnification, corresponding to the increase of the axial length 
from 0 to 1200 με in steps of 200 με. Eq. (4) provides that the horizontal 
length of the bubbles increases by 0.47 μm and the vertical length of the 
bubbles decreases by 0.433 μm. The tensile stress is concentrated in the 
thinnest part of the bubble wall, accompanied by a slight depression and 
significant bubble deformation. Subsequently, the length of the bubble is 
amplified, indicating enhanced extensibility and greater detection 
capacity. 

Fig. 9 shows the linearly fitted curves of the forward applied stress 
and reverse released stress. The strain sensitivity is obtained by two 
groups of experiments on the fiber with forward applied stress and 
reverse released stress. The repeatability is verified by comparing the 
stability of the sensitivity in the two stages. In the forward applied stress 
phase, the axial stress on the sensor increases from 0 με to 1200 με, and 
the strain sensitivity of the sensor is 10.78 pm/με. In the opposite stress 
release phase, the axial stress decreases from 1200 με to 0 με, and the 
strain sensitivity of the sensor is 10.7 pm/με, with a wavelength drift 
recorded every 200 με. The two curves exhibit a high degree of overlap 
demonstrating consistent strain sensitivity and good repeatability. 

The stability test of the ACFPI is conducted at room temperature with 
the stress applied to the sensor in the forward direction ranging from 
0 με to 1,200 με. Each change in a stress of 200 με is recorded after 
holding for 5 min. The stability of the sensor is demonstrated by the 
consistency of the trough of the reflection spectrum at around 1,550 nm 
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Fig. 8. Deformation of the sensor under 0–1200 με tensile stress.  
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at different axial strains, as illustrated in Fig. 10. In order to conduct a 
more comprehensive analysis on the stability of the ACFPI, the axial 
strain is kept at 200 με to obtain the wavelength shift in 60 min. Fig. 10 
shows that the sensor has favorable stability, as the interference fringe 
variation remains below 20 pm. 

The refractive index of the optical fiber and length of the bubble 
changes in response to changes in the external environment, which 
affect the phase of the sensor. This alteration generates an optical range 
difference, which subsequently causes a shift in the interference peak of 
the FPI sensor’s interference spectrum. To prevent any displacement of 
the fiber during the temperature experiment, the fiber optic sensing 
section is secured on a metal base. The temperature is ramped up from 

25 ◦C to 200 ◦C in steps of 25 ◦C using a constant temperature platform, 
and the interference spectra are acquired at each temperature, as shown 
in Fig. 11(a). The reflection spectra do not drift significantly with tem
perature, proving that the sensor does not experience thermal expan
sion. As shown in Fig. 11(b), the relationship between the wavelength 
drift and temperature is derived by linear fitting of the trough at 1,541 
nm. The temperature sensitivity of the ACFPI is found to be 1.24 pm/◦C 
and the temperature cross-sensitivity is 0.115 με/◦C, indicating a rela
tively low sensitivity to temperature. 

In order to do a comprehensive evaluation, we compare the perfor
mance parameters of our device with those of previously reported 
works. These parameters include the strain range, temperature sensi
tivity, strain sensitivity, and temperature cross-sensitivity. As shown in 
Table 1, our sensor exhibits lower temperature cross-sensitivity than the 
other sensors [17–24]. The unique circular ACFPI with a thin wall 
thickness highly reflective surface provides significant structural ad
vantageous and these features renders the fiber insensitive to tempera
ture. More importantly, the sensor is easy to produce without needing 
expensive equipment and hazardous chemicals making the 
manufacturing process safer and more economical. 

4. Conclusion 

An ACFPI with a low temperature-strain sensitivity is designed and 
demonstrated. A spectrometer is used to analyze the interferometric 
spectrum of the ACFPI to obtain the sensitivity parameters of the fiber. 
Experimental results show that the strain sensitivity is as high as 10.78 
pm/µε in the range of 0 to 1,200 µε, and the temperature sensitivity is 
1.24 pm/◦C from 25 to 200 ◦C. These favorable characteristics stem from 
precise control of the parameters and a structure with a distinctive air 
bubble. This structure not only has a thin bubble wall, but also allows a 
large measurement range without affecting the strain sensitivity. The 
temperature cross-sensitivity of the sensor is only 0.115 με/◦C, 
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Table 1 
Comparison of our and previously reported sensors.  

Types Strain range 
(με) 

Temperature sensitivity 
(pm/℃) 

Strain sensitivity (pm/ 
µε) 

Temperature cross-sensitivity 
(με/◦C) 

References 

Special air cavity FPI 0–1100 με 1.08 pm/℃ 3.29 pm/µε 0.328 με/◦C [17] 
Unsymmetrical air-microbubble FPI 0–1200 με 2.4 pm/℃ 10.15 pm/µε 0.42 με/◦C [18] 
FPI based on an alumina ceramic derived fiber 0–3000 με 15.61 pm/℃ 1.5 pm/µε 10.41 με/◦C [19] 
Rounded rectangular Air-cavity FPI 0–1200 με 1.79 pm/℃ 8 pm/µε 0.224 με/◦C [20] 
SMF-FMF-FBG 0–450 με 34.3 pm/℃ 2 pm/µε 17.15 με/◦C [21] 
A high sensitivity stain sensor based on MZI 0–2100 με 1.6 pm/℃ 2.7 pm/µε 0.593 με/◦C [22] 
Ultra-Sensitive Strain Sensor Based on 

Femtosecond Laser 
0–1600 με ~278.48 pm/℃ ~28.11 pm/µε ~9.91με/◦C [23] 

Sapphire derived fiber based FPI 0–1000 με 15.41 pm/℃ 1.25 pm/µε 12.328 με/◦C [24] 
An approximately circular microbubble FPI 0–1200 με 1.24 pm/℃ 10.78 pm/µε 0.115 με/◦C This work  
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indicating high temperature tolerance and small relative temperature 
errors. In addition to the high strain sensitivity, low temperature 
sensitivity, as well as good repeatability and stability, the manufacturing 
process is simple, cost-effective, and safe. Therefore, the sensor has great 
potential in applications such as micro-strain monitoring. 
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