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Abstract: Fabry-Perot air chamber was constructed at the melting point (splicing location) of two
single-mode fibers by glycerin assisted self-expansion method. The morphology of the Fabry-Perot
air chamber was fabricated and optimized by modulating the splicing parameters (drawing process,
discharging location, time and intensity) and the fibers” end-face (plane or arc). The in-line or re-
flected Fabry-Perot cavities have been applied to determine the tensile strain in the range of 0-1.2 N.
The train sensing performance of the spherical shaped FP cavity has been experimentally demon-
strated with the best sensitivity of 3.628 nm/N, corresponding to the resolution of ~0.005 N. The
proposed FP fiber sensor has the advantages of low cost, fast fabrication and easy-integration with
the common fiber system.
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1. Introduction

The Fabry-Perot (FP) interferometer was invented by two French physicists named
Charles Fabry and Alfred Perot in 1897, and became an important optical interference in-
strument in physics and engineering applications. Among all kinds of optical fiber sen-
sors, the research of novel microstructure FP interferometer fiber sensor is favored and
widely concerned by scholars at home and abroad, because of its simple structure, high
sensitivity, wide sensing frequency band, no electromagnetic interference, and can work
at high temperature [1,2]. Optical fiber sensor is especially suitable for the measurement
of static low pressure, micro-pressure, sound wave, vibration and other physical quanti-
ties, especially in high temperature, strong magnetic field interference and flammable and
explosive environment [3-5]. In addition, the miniature FP interferometric probe can form
a local "point" sensor, which is conducive to meet the needs of the optical fiber sensing
network for integration and miniaturization. In recent years, many scholars have pro-
posed a variety of FP sensors with different optical fiber structure [6,7]. In 1981, S ] Petu-
chowski et al. firstly designed the optical fiber sensor based on FP cavity [8]. Since Lee
and Talyor announced the successful fabrication of optical fiber sensor with intrinsic FP
interferometer structure in 1988, optical fiber FP sensor has gradually become an indis-
pensable role in the optical fiber sensors [9].

With the continuous development of FP fiber sensor technology, it has been widely
used to measure displacement, pressure, acceleration and temperature [10]. Optical fiber
FP sensor has the advantages of high sensitivity, good resolution, wide dynamic response
and smart structure [11]. The sensitivity has been seriously limited by the thermal optical
coefficient and thermal expansion coefficient of the optical fiber material itself [12]. The
FP interference cavity was usually prepared as a groove or a penetrating hole on a single
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single-mode fiber or a multi-mode fiber through high-precision laser processing or chem-
ical etching technology [13, 14]. In order to obtain more ideal response effect, it is a good
choice to encapsulate sensitive materials in the FP cavity, where the sensing performance
can be effectively optimized due to the modulation of the sensitive materials’ refractive
index or volume responding to the surrounding environment, such as the liquid or gas
concentration, humidity, temperature and magnetic [15-18]. The film covered FP cavity
can also been used to determine the voice frequency and intensity [19]. However, the FP
cavities fabricated by the above methods have been seriously limited by the high fabrica-
tion cost, low structural repeatability and poor compactness.

In this paper, we proposed a FP air cavity for measuring tensile stress by fusing com-
mon single-mode fibers (SMFs) with a simple and low-cost fabrication process.

2. Fabry-Perot Cavity Preparation

To design the FP stress probe, two single-mode optical fibers with glycerine end face
were fused together. Because glycerine vaporized during the discharge splicing process,
a spherical cavity was formed between two end faces. The two-inner surface of the spher-
ical cavity play as the two reflecting surfaces of the F-P interference cavity, respectively.
When the stress was applied on the F-P cavity structure, it was lengthened. According to
the sensing mechanism, the interference wavelength will be changed as well. The stress
response curve was illustrated by the phase demodulation method to measure stress val-
ues. Firstly, the end face of single-mode optical fiber was pretreated, since it is too difficult
to disperse the glycerin liquid uniformly on the flatted surface shown in Fig. 1(a).
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Figure 1. Comparison of SMF end face (a) before and (b) after pretreatment; Comparison of cavity
(c) before and (d) after enlargement; (e) Micrograph of FP fiber optic stress sensor.

The end face of optical fiber was melted and deformed by the instantaneous high
temperature from the arc discharge with the during time of 1200 ms and intensity of 100.
During the cooling process, the end face became radian shape (as illustrated in Fig. 1(b))
due to its own surface tension. After glycerin was dipped onto the radian end face, a slight
squeezing force was generated between the two optical fibers by manually controlling the
motor. Due to the large curvature, the glycerin liquid can be gathered in the middle region
to form an oil film after contact, instead of diffusing to both sides. The initial cavity with
small volume was formed after discharge, as shown in Fig. 1(c). Appling the secondary
arc discharge and the tensile prestress action, the residual glycerin continues to vaporize,
thus increasing the cavity volume, becoming larger than the diameter of the ordinary sin-
gle-mode fiber of 125 um. The enlarged cavity and the finally formed F-P cavity fabricated
are shown in Fig. 1(d) and Fig. 1(e), respectively.
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3. Results

The schematic diagram of stress sensing experimental system based on FP cavity op-
tical fiber stress sensor is shown in Fig.2 below.
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Figure 2. Schematic diagram of stress sensing experimental system.

The experimental system includes amplified spontaneous emission (ASE) light
source, optical fiber circulator, precision 3-D adjustment platform, stress meter and optical
spectrum analyzer (OSA, resolution: 20 pm). The light beam is emitted from the light
source and enters into the stress sensor through the Portl and Port2 of the circulator. After
being reflected by the FP air-cavity, the signal light is collected by the spectrometer
through port3 of the circulator. The optical fiber stress sensor is formed by fusing two
SMFs, one of which is connected with the circulator Port2 and fixed on to a 3-D adjust-
ment. The other SMF is connected to the stress meter. By manually adjusting the 3-D ad-
justment to supply stress along the fiber structure, the FP cavity length was changed, re-
sulting in the movement of the resonance wavelength of the interference spectrum on
spectrometer. The position of interference wavelength can be obtained by single peak de-
modulation method, and the relationship between the shift of interference wavelength
and the change of stress can be established, so as to realize the stress detection.

According to the above experimental sensing system and experimental process, the
stress sensing experiment of spherical cavity FP optical fiber stress sensor with the trans-
verse diameter of 77 um and longitudinal diameter of 104 pum is carried out. When the
stress increases from 0 N to 1.2 N, the spectrum shifts to red due to the length stretching
of the F-P interference cavity. The movement of the interference spectrum in the whole
spectrum range of the light source is shown in Fig. 3.
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Figure 3. Comparison of SMF end face (a) before and (b) after pretreatment; Comparison of cavity

(c) before and (d) after enlargement; (e) Micrograph of FP fiber optic stress sensor.

The free spectrum range (FSR) for the FP interference spectrum can be represented
by
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FSR :ﬁ (1)

A refers to the center working wavelength of the light source 1550 nm, n is the refrac-
tive index of air 1. The FSR can be calculated as

2 2
FsR=_ 2290 0M°  1c 6nm
2x1x77000nm

)
This value is smaller compared to the FSR of ~16.29 nm in the spectrum of Fig. 3,
which is caused by the little offset of the FP cavity from the central axis of the optical fiber
core. The offset issue will be further discussed in Section 4. In this experiment, the stress
exerted on the FP cavity along the optical fiber can be determined by tracing the wave-

length locations of one special dip in the spectra of Fig. 3. A regular red shift has been
observed in the interference spectrum, as illustrated in Fig. 4.
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Figure 4. Special dip movement with exerted stress.

nm/N).

The fitting stress sensing characteristic curve is shown in Fig. 5. The experimental
results indicate a stress sensitivity of 3.624 nm/N and a resolution of 0.005 N (20 pm/3.624
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Figure 5. Stress sensing characteristic curve as stress rises from 0 N to 1.2 N.

In addition to the transverse diameter of 77 um and longitudinal diameter of 104 um,
the fiber diameter near the FP cavity is ~138 um. Because the applied stress direction is
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parallel to the optical fiber and perpendicular to the central section of the cavity, the stress
area of the cavity sensing structure is an annular area

A= 7R*— zr® ~ 0.0064623mm?* ()
Where, R and r are 69 pum and 52 pum, respectively, corresponding to the fiber radius

at the cavity center and the longitudinal radius of the cavity. According to Hooke's law,
the positive strain in the elastic range is

L_o_F _ 0.IN
E AE 6.4623x10°m?x72x10°Pa

Here, 0, F, A, € refer to positive stress, force, effect area and positive strain, respec-
tively. Fiber material is silica with the Young's modulus of 72000 MPa. The positive strain
is also the relative variation, that is, the ratio of the stress variable of the length of FP
interference cavity to its original length before the stress being exerted, so it can be con-
cluded that under the stress of 0.1 N, the stress variable of the FP cavity is

AL = gL =2.149x107* x 77um ~ 0.0165um (5)

~2.149x10™ 4)

Here, A When the length of FP interference cavity increases, the interference wave-
length increases, resulting in red-shift. Using central wavelength A, the interference grade
can be calculated as

m:2nL22xlx77umz99 ©6)

A 1.55um
Under the stress of 0.1 N, the red shift of the interference spectrum is
ad=2DAL :%x16.5nm =0.3333nm (7)
m

Therefore, there is a small error between the theoretical sensitivity value of 3.333
nm/N and the experimental value of 3.624 nm/N, which is mainly caused by the measure-
ment error of the sensing structure and the small axial offset of the FP cavity. The experi-
mental results show that the preparation of the sensing structure and the stress sensing
performance are very good within the allowable error range.

The stress sensing characteristic curve was obtained by repeating the increasing and
decreasing stress experiment, as the red fitting curve shown in Fig. 6. The black (circular)
and red (pentagonal) experimental data points and the corresponding linear fitting lines
respectively represent the stress response results of the of stress increase and decrease
process. It is obvious that the sensitivity during the stress increase process (3.624 nm/N)
and the stress decrease process (3.628 nm/N) are close to each other, indicating the good
stability of the sensor. The two fitting lines are not completely coincident with the overall
translation of ~0.2 nm, which is mainly due to the slight sliding of the fiber system, as well
as the interference wavelength drift during the stress transition from the increase to de-
crease process.
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Figure 6. Stress sensing characteristic curve.

The optical structure was more firmly fixed on the 3-D adjustment to reduce the in-
fluence of sliding effect. The stress sensing experiment was carried out for the fiber FP
spherical cavity with a transverse diameter of 73 um, longitudinal diameter of 97 and op-
tical fiber diameter of 140 um. The step stress value was still 0.1 N. The final sensitivity
characteristic curve is shown in Fig. 7.
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Figure 7. Stress sensing characteristic curve of FP cavity structure with a transverse diameter 73 um
and a longitudinal diameter 97 um.

The sensitivity values are 3.262 nm/N and 3.331 nm/N during the stress increase and
decrease process, respectively. The stress resolution is ~0.006 N. The coincidence degree
of sensitivity fitting line has been obviously improved compared to the previous exper-
ment. In addition, the maximum sensitivity of 3.331 nm/N is less than that of the previous
structure (3.624 nm/N). The main reason is that the stress cross-sectional area becomes
larger due to the bigger volume of the solid silica outside the cavity (inner air diameter 97
pm < 104 pum, outer silica diameter 140 pm > 138 pum).
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4. Discussion

To study the limit of this stress fiber sensor, a FP structure with a transverse diameter
of 85 um and a longitudinal diameter of 116 yum was fabricated. The spectral shift diagram
obtained by increasing the stress with the step value of 0.3 N is shown in Fig. 8.
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Figure 8. Spectrum of stress limit test of sensing structure with a transverse diameter 85 um and a
longitudinal diameter 116 pm.

The FSR of the spectrum is ~14 nm, which is basically equal to the theoretical value
of 14.1 nm calculated by Eq. (1). When the applied stress increases from 0 N to 2.49 N, the
stable output spectrum was obtained, indicating that the FP cavity structure was not dam-
aged. However, when the stress of 2.49 N was continuously applied, the spectrum disap-
peared and the structure was damaged as well. In addition, the red shift of the spectrum
is less than the FSR, so it will be convenient to complete the demodulation process in the
whole working range. The stress measurement limit of the sensing structure depends on
the volume of silica surrounding the FP cavity. The stress limit can be significantly im-
proved for a larger volume, but the sensitivity will be reduced at the same time. Therefore,
the working range and sensitivity should be balanced according to the application re-
quirements.

In the manufacturing process of stress fiber sensor, the process parameters may also
lead to the position deviation of the FP cavity, and then affect the interference spectrum.
A stress sensing structure with a transverse diameter of 85 um and a longitudinal diame-
ter of 119 um was fabricated, and its interference spectrum is shown in Fig. 9 (a).
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Figure 9. Sensing structure with the cavity dislocation.

The FSR is ~30 nm, which is more than two folders of the theoretical value of 14.1 nm,
that is, the FP cavity length is less than the half of the theoretical length, indicating that
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the cavity position of the structure is seriously shifted. It is confirmed in the microscope
that this cavity has no offset in the XY plane, but has a serious offset in the XZ plane, as
shown in Fig. 9 (b).

5. Conclusions

In this paper, the Fabry-Perot fiber stress sensor was designed and fabricated by a
spherical structure with a transverse diameter of 77 um and longitudinal diameter of 104
pum. The corresponding stress sensing sensitivity is up to 3.628 nm/N with a good repeat-
ability and stable structure. It is approximately equal to the theoretical value. By improv-
ing the experimental conditions, the stress sensing experiment of spherical FP cavity with
transverse diameter of 73 pm and longitudinal diameter of 97 um is carried out. It is con-
cluded that the maximum stress sensitivity is 3.331 nm/N. The stress detection limit of
2.49 N has been experimentally demonstrated by using one fiber FP cavity with transverse
diameter of 85 um and longitudinal diameter of 116 um. The designed compact FP stress
probe is expected to be integrated into the wearable system for real-time monitoring of
life status.
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