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1. Introduction

Optical fiber sensors (OFSs) have been widely investigated in
various measurements, for instance, temperaturem, humidity[z],
refractive index™, strain'*, curvature!®, liquid level', and tor-
sion!”®), Bending measurement plays a significant role in
robotics applications, structural health monitoring, etc.
Different types of optical fiber bend sensors have been reported,
based on devices such as fiber Bragg gratings (FBGs), long-
period fiber gratings (LPFGs), Mach-Zehnder interferometers
(MZIs), Fabry-Perot interferometers (FPIs), Michelson interfer-
ometers (MIs), and multimode interferometers (MMIs).

The development of optical fiber sensors closely depends on
optical fiber manufacturing technology. In recent years, the
unique ring core fiber (RCF) with ring refractive index layer,
is designed for mode-division multiplexing (MDM) and orbital
angular momentum (OAM) transmission'”. In 2019, Xuan et al.
reported a microfiber MZI based on RCF and measured the tem-
perature and refractive index!'’.. The experimental results show
that the temperature and refractive index sensitivities are around
64 pm/°C and 44 nm/RIU, respectively. Similarly, Yu et al. pro-
posed a high-sensitivity microfiber MZI temperature sensor!'!/.
The sensor was fabricated by heating and stretching an RCF with
the hydrogen flame. The sensitivity is 186.6 pm/°C when the
cladding diameter of RCF is 72.58 pm. In 2021, Wei et al. pro-
posed a sensor for simultaneous measurement of temperature
and curvature by the RCF'?!, At the same time, they reported
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We proposed and experimentally demonstrated an all-fiber sensor for measuring bend with high sensitivity based on a ring
core fiber (RCF) modal interferometer. The sensor was fabricated by splicing a segment of RCF between two pieces of
multimode fiber (MMF) and single-mode fiber (SMF) at the ends of the MMF as lead-in and lead-out. Due to the first segment
of the MMF, the transmitted light is coupled into the ring core, silica center, and cladding of the RCF, exciting multiple modes
in the RCF. By the modal interferences in the structure, bending sensing can be realized by interrogating the intensity of the
interference dip. Experimental results show a high bending sensitivity of —25.63 dB/m~" in the range of 1.0954m~" to
14696 m~". In addition, the advantages of the bend sensor, such as small size, low temperature sensitivity, and simple
fabrication process, can be used for curvature measurement in building health monitoring.

Keywords: optical fiber sensor: curvature; temperature; ring core fiber.

an RCF MZI with dual demodulation of temperature and refrac-
tive index!"*). In 2022, Dong et al. reported an optical curvature
sensor with a high resolution based on an in-line fiber MZI and
microwave photonic filter!™*). Bai et al. proposed a curvature
sensor, which is fabricated by splicing a segment of RCF between
two pieces of single-mode fibers (SMFs) with two up-tapers'"..
Our previous works proposed an MZI curvature sensor based on
the SMF-RCF-SMF structure!®. The sensor was fabricated by
splicing a segment of RCF between two pieces of SMF. The cur-
vature measurement can be achieved by monitoring wavelength
shifts of the interference dip. The experimental results show that
the curvature sensitivity is —4.370 nm/m™!, within the range
of 1.199-1.549 m™1.

The above reported sensors are mainly based on wavelength
interrogation. In addition to wavelength interrogation, intensity
interrogation can be used to achieve sensing measurements.
Dong et al. proposed an intensity-modulated fiber sensor for
bending measurement''®). Zhang et al. fabricated a bending sen-
sor based on fiber-optic spindle arrays''”). Bend sensing for
intensity interrogation was achieved using an SMF spiral struc-
ture by He et al.!"®. Marrujo-Garcia et al. reported a tempera-
ture-independent curvature sensor based on in-fiber MZI using
hollow-core fiber!**). The curvature sensitivity of the proposed
sensor reached —17.28 + 2.3 dB/m™".

This paper proposed and experimentally demonstrated a high
sensitivity bend sensor using modal interferences and intensity
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interrogation. The sensor was fabricated by splicing a segment of
RCF between two pieces of multimode fibers (MMFs), forming
an MMF-RCF-MMF (MRM) structure. Then the structure of
MRM is sandwiched between the lead-in and lead-out SMFs.
Due to the mode mismatch, multiple modes are excited in the
RCF. Results show that the average bend sensitivity for intensity
is —25.63dB/m™"! in the range 1.0954-1.4696 m™!, by monitor-
ing the intensity of interference dip (at 1450 nm). The proposed
sensor has the advantages of high sensitivity, small size, and sim-
ple fabrication.

2. Sensor Principle

The schematic diagram of the proposed sensor is illustrated in
Fig. 1(a). First, the lead-in SMF is spliced with the MMF by the
automatic splicing mode of the fusion splicer (Atomo WAVE
SFS-A63), and then the MMF is cut to the selected length.
Second, the lead-out SMF and MMEF are spliced and cut in
the same way. Finally, a 10 mm long RCF is fused between the
two MMF sections in a cladding-aligned manner. The RCF is
composed of a ring core, a silica center, and outer cladding, the
cross-sectional microscopic view of which is shown in Fig. 1(b).

The ring core, silica center, and cladding diameters are 15.14,
7.38, and 125 pm, respectively. The core and cladding refractive
indices of RCF are 1.4728 and 1.4597, separately. The core and
cladding diameters of the MMFs are 105 and 125 pm, respec-
tively, a cross-sectional microscopic view of which is shown
in Fig. 1(c). The core diameter, cladding diameter, and mode
field diameter (MFD) of the SMF are 9, 125, and 10.2 pm,
respectively.

In the proposed scheme, the MMFs play the role of a coupler
for splitting and coupling. At the same time, to avoid phase
differences between different modes in the MMF, the lengths of
the MMEF are limited to no more than 1 mm'?”. Considering the
possibility of fusion and the compactness of the structure, the
length of the RCF is set to 10 mm. To understand the effect
of the MMF in the structure, the propagation field distribution
is simulated by the beam propagation method. Figure 2(a) dis-
plays the light transmission in the SMF-RCF-SMF (SRS) struc-
ture. It can be seen that the energy is mainly distributed in the
ring core and silica center, and the cladding only has weak leak-
age energy. In Figs. 2(b) and 2(c), simulation results of the SMF-
MMF-RCF-SMF (SMRS) and SMF-MMF-RCF-MMF-SMF
(SMRMS) structures are shown, respectively. Compared with
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Fig. 1. (a) Schematic of the proposed sensor. Cross-sectional microscope
view of (b) RCF and (c]) MMF.
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Fig. 2. Propagation field distribution with different structures. (a) SMF-RCF-
SMF; (b) SMF-MMF-RCF-SMF; and (c) SMF-MMF-RCF-MMF-SMF.

the SRS, the energy in the RCF cladding is significantly enhanced
for the SMRS and SMRMS structures. And the SMRMS recou-
ples light from the RCF to the lead-out SMF with high efficiency
due to the second segment of the MMF. The incident light from
the SMF will first be coupled and expanded in the MMF1. Then
this expanded beam is split and enters the RCF, exciting multiple
modes in the RCF. Since these modes have different refractive
index values, the optical path differences will be produced
between any two of them. As a result, when these modes are
recoupled into MMF2, modal interferences are formed.
The interference spectrum dips will locate at

= 27; Af’leffL (1)

m+1
where An.g represents the refractive index difference between
different modes in the RCF, and 4,, represents the wavelength
of the interference dip. From Eq. (1), the free spectral ranges
(FSRs) can be written as

A

FSR = .
AnegL

)

Fiber bending causes strain change and disturbs the refractive
index distribution of the cross section, which will lead to the
deformation of mode fields. In Fig. 3, the refractive index distri-
butions of the straight (blue curve) and bent (red curve) fibers
are plotted, and it is evident that the bending causes a redistrib-
ution of the refractive index in the fiber. It means the effective
refractive index of the ring core mode, silica center mode, and
cladding mode will be changed. The mode field changes also
induce energy redistribution among the ring core, silica center,
and cladding areas, leading to alterations of interference fringes.
The inset of Fig. 3 shows the simulation results of the light field
distribution of the straight and bending fibers at Z = 6500 pm
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1.474 extinction ratio (ER) are 15.8 nm and 8.8 dB. Figure 4(b) shows
a7 o the spatial frequency spectrum of the transmission by fast
’ Fourier transform (FFT). The multiple peaks in the spatial fre-
1.470 - quency spectrum verify that multiple modes are excited and par-
% ticipate in the interference. The dominant peak at zero
T 1468+ corresponds to the fundamental mode. The frequencies of the
E 1466 . : three main peaks except the fundamental mode are
g 5k (ii) Bending 0.00999 nm~!, 0.01749 nm~!, and 0.05998 nm~!, respectively.
E 1.464 - The spatial frequency ¢ is as follows:
idés Straight
Bending _ AnggL 3)
1.460 - LA ¢= PR (
¥ . .
60 40 20 0 20 4 60 where 1 is the center wavelength of the light source.
Radius(um) By transforming Eq. (3), the refractive index difference can be
written as
Fig. 3. Schematic diagram of the refractive index distribution of straight and
bending fibers. The inset shows simulation results of the light field distribution oL
at Z= 6500 pum. Angg = T (4)
[Fig. 2(c)]. It can be found that the bending obviously leads to First, the refractive index of the RCF fundamental mode was
the energy change in the RCF x-y section. calculated using the finite element method (FEM) to be 1.4685.

The transmission spectrum of the proposed sensor based on Then, according to Eq. (4), the effective refractive index
the SMRMS structure is displayed in Fig. 4(a). The FSR and differences between the three main peaks and the fundamental
mode are calculated as 0.0021, 0.0036, and 0.0126. They corre-
% spond to the core mode (LP,; and LP;,) and higher-order clad-
ding mode (LP,o) as shown in Fig. 5, respectively. The relative
errors of the effective refractive index difference between the
FEM simulation and those calculated by Eq. (4) are 0.03%,
0.11%, and 0.0004%, respectively. The interference spectrum
is formed by the superposition of multiple interferences, which
is the reason for the irregularity of the interference spectrum.

ER=8.8dB
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3. Experiment and Discussion
fo——
FSR=15.8nm

24 i ) . . Figure 6 is a schematic diagram of the bend sensing system. A
® 1400 20 g Lol 1480 2 broadband source (BBS) with a range from 1250 to 1650 nm is
el () the light source. An optical spectrum analyzer (OSA, Yokogawa,

04 AQ6370D) is used to monitor changes in the transmission spec-
trum of the sensor. The sensor is fixed on a pair of 3D translation
stages with an initial distance of L,. By controlling the distance
P Fundamental mode between two 3D translation stages, different bends can be

applied to the sensor. The curvature can be calculated using
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Fig. 5. Mode field distribution are obtained by using FEM. (a) LPy; (b) LPs;

Fig. 4. (a) Measured transmission spectrum; (b) FFT of measured spectrum. (c] LPyg.
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Fig. 6. Experimental setup for the curvature measurement.

Cx , [— (5)

where C is the curvature, x is the displacement distance of the
translation stage, and L, is the initial distance between two
stages. In this experiment, Ly = 171 mm.

The resonance dip around 1450 nm is chosen to indicate the
bending-induced change in the transmission spectrum, as
shown in Fig. 7(a). It can be found that the dip wavelength shifts
to a longer wavelength with the curvature increase, and the
intensity decreases with the curvature increase. The relationship
between the average wavelength drift and bending for the four
measurements are shown in Fig. 7(b). The inset shows the linear
fitting of four testing results. The maximum wavelength curva-
ture sensitivity is 1.67 nm/m™!. The average wavelength curva-
ture sensitivity is 1.64 nm/m™', and the R-square value is 0.99.
Figure 8 shows the relationship between the average intensity
variety of the four testing results and bend change. The inset
shows the intensity-bending linear fitting results for four bend-
ing measurements. When the curvature is increased, the inten-
sity shifts to the lower intensity direction. In the range of
0.4898-1.0954 m~!, the maximum intensity-bending sensitivity
is —12.73dB/m™, and the R-square value is 0.97. Meanwhile,
the maximum intensity-bending sensitivity up to the
—25.53 dB/m™! and R-square value of 0.98 are in the range from
1.0954 m™! to 1.4696 m~!. The average intensity-bending sensi-
tivities for the four testing results are —11.35dB/m™! and
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Fig. 7. (a) Interference dip (at 1450 nm) evolution with different curvatures;
(b) average wavelength-bending response with error bars for four testing
results; the inset shows linear fitting of the four measurements.
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Fig. 8. Average intensity-bending response with error bars for four testing
results; the inset shows the linear fitting of the four measurements.

—25.63dB/m™!, with a range of 0.4898-1.0954m™' and
1.0954-1.4696 m™, respectively.

The results of the four measurements according to Figs. 7(b)
and 8 show that the sensor has good repeatability. For wave-
length shift, the maximum standard deviation of the four mea-
surements is 0.05 nm, which corresponds to a bending error of
0.03 m™! with a sensitivity of 1.64 nm/m™'. The maximum stan-
dard deviation of 0.4 dB for the intensity demodulation occurs in
the range 0f 0.4898 m™" to 1.0954 m™', where the resulting bend-
ing error is 0.03m™".

Finally, the temperature responses of the sensor are also mea-
sured, and the results are displayed in Fig. 9, with temperature
increasing from 30°C to 70°C. Based on Fig. 9(a), it can be found
that the dip wavelength shifts to a longer wavelength as the tem-
perature increases. The wavelength sensitivity of temperature is
64 pm/°C with an R-square value of 0.97. The maximum tem-
perature sensitivity is 0.096 dB/°C at a temperature of 30°C. The
intensity varies nonlinearly with temperature, with an average
sensitivity of 0.045 dB/°C.

The experimental results show that the average bend
sensitivity for intensity interrogating are —11.35dB/m™' and
—25.63dB/m™!. However, the average intensity sensitivity to
temperature is 0.045 dB/°C. The intensity sensitivity to bend
is much higher than that of temperature. Therefore, the

0.021dB/°C
0.003dB/°C

Intensity (dB)

z
1453.0 0.096dB/°C
V=1450.4+0.064x 24
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Fig. 9. (a) Spectral responses under different temperatures; (b) wavelength
and intensity response to temperature.
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Table 1. Performance Comparison between Our Sensors and Other Sensors. dip (at 1450 nm), the sensor can realize the measurement of
bending and temperature. The sensor has a high sensitivity of
Complexity of —25.63dB/m™" in the range from 1.0954 to 1.4696 m™".
Sensitivity Manufacturing
Structure (dB/m™!) Process Ref.
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