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Abstract—In this article, a self-referencing intensity-based fiber optic sensor relying on the principle of Fabry–Perot
interference is proposed and demonstrated to measure curvature. The sensor is manufactured producing an air bubble
cavity between two sections of multimode fiber. By detecting optical power variations at specific wavelengths, it was
possible to measure curvature, enabling this sensor as a self-referencing system. For this setup, the achieved curvature
sensitivity was 0.561 ± 0.014 dB/m−1, with a correlation factor up to 0.997, within the measurement range of 0.0–0.8 m−1.
The proposed system has several features, including the self-referencing characteristic and its structure simplicity in terms
of measuring procedure, making it a useful system.

Index Terms— Optical sensors, curvature, intensity-based sensor, self-referencing.

I. INTRODUCTION

Interferometric optical fiber sensors are based on the principle of
optical interference for the measurement of chemical or physical prop-
erties. These sensors can be a great solution for sensing as they can
exhibit great sensitivity, a wide dynamic range, multiplexing capacity,
and low losses [1]. For many years, these sensors have been broadly
studied due to their potential to be utilized in a wide range of appli-
cations. However, within the interferometers, the Fabry–Perot inter-
ferometer (FPI) is the most used, due to its optical characteristics [2],
[3]. One of the first works relying on a fiber optic-based FPI sensor
was reported in 1982, by Yoshino et al. [4]. Since then, a great and
rapid evolution occurred in this field. This kind of sensors can be used
to measure different physical parameters such as: refractive index [5],
pressure [6], lateral load [7], magnetic field [8], displacement [9], and
curvature [3], [10], [11].

There are several areas in which the measurement of the curvature
parameter has special importance, such as: structural health moni-
toring, bridge and road construction, mechanical engineering, human
posture detection, structural deformation [12]–[14], microelectro me-
chanical systems [15], and for monitoring smart and composite engi-
neering structures, prosthetics designs, industrial metrology, robotics,
and medical treatment [16]. The optical fiber curvature sensors has
great advantages compared to electrical sensors, due to their high
sensitivity and low maintenance costs, small size, small volume, cor-
rosion resistance, high thermo-stability, high response speed, electro-
magnetic immunity, and capability of remote sensing—i.e., they have
great potential to be used in curvature measurements [17], [18].

Several configurations have already been reported for curvature
sensing. For instance, in 2013, a curvature and displacement sens-
ing arrangement based on a fiber-optic micro-FPI was proposed [3].
This FPI was developed by applying arc discharges to a hollow core
photonic crystal fiber. In 2014, a curvature sensor based on abrupt
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tapered fiber joined with a micro-FP interferometer was reported [18].
In 2016, an FPI-based curvature sensor based on a capillary silica tube
spliced between two single mode fibers was presented [11]. In 2017,
an asymmetrical FPI fiber sensor for simultaneous measurement of
curvature and temperature was demonstrated [19]. Later, a tempera-
ture insensitive directional bending sensor based on an eccentric-core
fiber cascaded with an air cavity FPI was developed [20]. Recently,
a curvature sensor based on the principle of FPI was reported, which
was fabricated with a single-mode fiber (SMF), a ceramic tube, and
double-cladding fiber [15]. The manufacturing process only required
fiber cutting and the fiber fusion splicer.

In the present work, the development of an FPI air cavity made by
splicing two sections of multimode fiber is proposed. It was designed
as a simple setup based on two fiber Bragg gratings (FBGs), with the
main objective of using them as two discrete optical sources in two
distinct regions of the sensing head spectrum. The sensor was char-
acterized for curvature and temperature measurements. The feature of
self-referencing is also presented.

II. FABRICATION OF THE SENSING ELEMENT AND
PRINCIPLE OF OPERATION

The sensing element used in this article is based on a fiber optic FPI.
The FPI sensor was obtained by producing an air bubble between two
sections of multimode fiber (MMF GIF625, supplied by Thorlabs,
Newton, NJ, USA), having a diameter of 62.5 and 125 µm the core and
cladding, respectively. The length of graded-index fiber between the
SMF and the air bubble is ∼3 mm. The detailed process of fabrication
is described in [7]. The technique used allows the fabrication of FPI
sensors with different cavity lengths. These lengths are controlled
through the successive electrical arcs that are applied to the MMF [7].
The schematic of the FPI sensor with a cavity length of 225 µm is
shown on Fig. 1.

The operation mode of the sensor relies on excitation of higher
order modes along the lead-in MMF section [21], [22] that it turn will
illuminate the FPI cavity. The back-reflected light traveling through
the MMF depends on the geometry of the microsphere. Then, a part
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Fig. 1. Schematic of the FPI sensor.

of this light will be guided back by the SMF, since the acceptance
angle acts as a filter [23]. When the FPI is subjected to curvature, the
optical power variation as a function of wavelength is related to the
excitation of the modes in the MMF section, and thus, it will influence
the spectral behavior of the FPI. Interference between higher order
modes is more affected by bending of the MMF section, while lower
order modes are focused within a smaller area near the fiber core and
are consequently less affected by the bending disturbance. Therefore,
distinct MMF modes are excited by the light that is back-reflected from
the FP cavity subjected to bending, thus creating different curvature
sensitivities. For longer wavelengths (red shift), the FPI is sensitive
to optical losses, whereas for smaller wavelengths (blue shift), the
sensitivity to optical losses is residual.

III. CURVATURE SENSING

A. Experimental Setup and Calibration

A conventional system was used to observe the FPI spectral re-
sponse in a typical reflection scheme. The purpose is to observe the
pattern fringe change when is subjected to curvature and to analyze
the wavelength peak variation within the full range of the broadband
source.

In this case, the experimental setup relies on a broadband optical
source centered at 1550 nm with 100 nm of bandwidth and an optical
spectrum analyzer with a resolution of 0.01 dB. An optical circulator
allows interrogation of the FPI in reflection.

The behavior of this structure as a curvature sensor was duly charac-
terized. A section of optical fiber with a length 170 mm and having the
FPI sensor in the middle was clamped between a fixed base and a 1-D
translation stage. In this procedure, the curvature can be effortlessly
calculated by using the formula [24]

C = 1

R
= 2h

h2 + S2
(1)

where C, R, S, and h are curvature, curvature radius, half-distance
between the two fixed points, and the bending displacement at the
center of the FPI sensor, respectively. The bending displacement, h,
was applied to the FPI via sequential 1 × 103 µm displacements.

Fig. 2 shows the spectral behavior of the FP cavity to curvature.
The red and black lines correspond to the curvature values of 0.0 and
0.76 m−1, respectively. A zoom in of two distinct spectral regions is
presented, namely at 1536 and 1554 nm, where different curvature
sensitivities are clearly observed.

By analyzing the reflection spectra shown in Fig. 2, it is quite visible
the fringe insensitivity to curvature at 1536 nm, while at 1554 nm it
presents a clear sensitivity to the measured parameter. Therefore, by
using these two wavelength-regions, it is possible to enable a self-
referencing system.

For the self-referencing demonstration, an acquisition system such
as the one shown in Fig. 3 was used. A broadband source with a 100 nm
bandwidth is placed in port 1 of a 4-port optical circulator, while two

Fig. 2. Reflection spectra of FP cavity (inset: zoom in, in the insensitive
region of the spectrum at 1536 nm, and in a highly sensitive region of
the spectrum at 1554 nm).

Fig. 3. Layout of the experimental setup used for self-referencing ap-
plication.

FBGs (FBG 1 at 1536 nm and FBG 2 at 1554 nm) are placed in port 2.
The objective is to create two discrete optical sources in two distinct
regions of the FPI spectrum.

The FPI sensor is connected in port 3, and port 4 receives the
reflection of the two FBGs modulated by the optical power variation
of the FPI cavity. The optical power of the two FBGs is separated by
a coarse wavelength division multiplexer with a spacing of 20 nm.
Moreover, P1, P2 are the optical powers measured at the insensitive
and sensitive spectral regions of the FPI, respectively.

The spectral characteristic of this sensor allows the absolute value
to be calculated for the measures of curvature and radius of curvature.
For this, it will be necessary later to calculate the difference between
P2 and P1. First, by performing individual analysis of the curvature
measurements of the two regions of interest, the results shown in Fig. 4
are obtained. Considering P1 and P2 as the optical power measured
at the insensitive and sensitive spectral regions, respectively, it can
be noted that for P1, the sensor has a residual sensitivity to curvature
(0.052 ± 0.037 dB/m−1), while for P2, a maximum sensitivity of
0.614 ± 0.021 dB/m−1 is achieved, with a correlation factor up to
0.989.

Also, a study was conducted relating the optical power and the
radius of curvature for the same spectral regions presented above. The
results are shown in Fig. 5. Once again, as in the curvature study,
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Fig. 4. Curvature measurements obtained in the studied spectral re-
gions.

Fig. 5. Radius of curvature attained in the studied spectral regions.

the results for P1 are negligible, whereas the results obtained for P2

indicate that the sensor presents a nonlinear response for radius of
curvature measurements, having higher sensitivity within the range
between ∼1319 and 4818 mm.

B. Self-Referencing Results

As already noted above for the self-referencing demonstration, an
acquisition system, as shown on Fig. 3, was used.

On Fig. 6, it can be observed the absolute value for curvature and
radius of curvature measurements. By analyzing them, it can be veri-
fied that there is an optical power shift towards longer optical powers.
The dependence between the curvature response and the difference
P2 – P1 presents a higher linear response, presenting a sensitivity
of 0.561 ± 0.014 dB/m−1, with a correlation factor up to 0.997.

The same analysis was made for the radius of curvature measure-
ments. In the inset of Fig. 6, it was observed the absolute value for
radius of curvature. The ideal range of operation of this sensor for this
type of measurement is similar, which is shown in Fig. 5.

Considering the highest sensitivity obtained by the developed sen-
sor and considering the acquisition system resolution, a maximum
resolution of 0.018 m−1 was estimated.

Fig. 6. Absolute value for curvature and for radius of curvature (inset)
measurements.

Table 1. Comparison Between the Results Reported in Literature and
This Work

∗Self-referencing.

The temperature response of the proposed sensor was also experi-
mentally investigated and demonstrated within the temperature range
of 10 °C to 100 °C with a step of 10 °C.

The results show that the sensor exhibited a low thermal depen-
dence, approximately 0.005 ± 0.02 dB/°C. This was somewhat ex-
pected since the temperature variation does not change the MMF-SMF
launching conditions. The results are determined by the temperature
dependence of the refractive index and the thermal expansion of the
air bubble, which has typically a low dependency to temperature vari-
ation. Calculating the cross-sensitivity between the temperature and
curvature, a value of 0.008 m−1/°C was obtained.

The sensing device developed and presented in this work has several
advantages. As the sensing structure is fabricated between two sections
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of standard multimode fiber, the sensor is cost effective. Also, the
acquisition system developed and its real-life application can be an
advantage compared with others solutions presented in the literature.
Notice that since it does not require any special fibers, this sensor can
be an alternative to the sensors reported in the literature.

Table 1 shows a comparison between the results reported in the
literature for curvature measurements and this work regarding FP
interferometers.

IV. CONCLUSION

In conclusion, a self-referencing intensity-based fiber optic sensor
to measure curvature is proposed and demonstrated experimentally.
The curvature sensor is based on the principle of the Fabry–Perot
interference, and by the analysis of two spectral fringes, where one
fringe is insensitive to the applied curvature and the other is sensitive,
it was possible to make a system of self-referencing and determine
the absolute value of the measured parameter. After the analysis, an
absolute value of 0.561 ± 0.014 dB/m−1 was obtained for curvature,
with a maximum resolution of 0.018 m−1. The temperature study was
also carried out for the same sensor, and a residual sensitivity was
achieved.

This sensor can be a good alternative to the bending sensors pre-
sented in the literature, as it is a simple sensor and also easy to manu-
facture. No special fibers, hazardous chemicals, or special techniques
are required for their fabrication, and the proposed simple acquisition
data system is an interesting solution for this type of measurements.
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eter,” IEEE Photon. Technol. Lett., vol. 26, no. 22, pp. 2213–2216, Nov.
2014.

[19] Y. Wu, Y. Jiang, Y. Shen, L. Liang, Y. Yang, and S. Jian, “Simultaneous measurement
of curvature and temperature based on asymmetrical FPI,” IEEE Photon. Technol.
Lett., vol. 29, no. 10, pp. 838–841, May 2017.

[20] J. Kong, A. Zhou, and L. Yan, “Temperature insensitive one-dimensional bending
vector sensor based on eccentric core fiber and air cavity Fabry-Perot interferometer,”
J. Opt., vol. 19, 2017, Art. no. 045705.

[21] Y. Gong, Y. Guo, Y.-J. Rao, T. Zhao, and T. Wu, “Fiber-optic Fabry–Pérot sensor
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