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Abstract: In this paper, a high-linear-sensitivity fiber curvature sensor based on the sphere-
shaped misaligned structure (SSMS) with few-mode fiber (FMF) and single-mode fiber
(SMF) was proposed and demonstrated. A spherical structure was prepared at one end of a
few-mode fiber, which could effectively excite higher-order modes and generate interfer-
ence in the misaligned cascade. When external environmental parameters changed, the
resonance peaks formed by intermodal interference were displaced, and the shifts gener-
ated by different resonant peaks were also different. The experimental results show that
the maximum curvature sensitivity was —2.220 nm/m~!, and the linear fitting coefficient
reached up to 0.991, which is an extremely high sensitivity among wavelength-modulated
curvature sensors. Meanwhile, the strain sensitivity of the sensor was as low as 7.99 pm/ g,
and the temperature sensitivity was 3.958 pm/°C, which is a low temperature sensitivity
and low strain sensitivity, and solves the cross-sensitivity problem. With advantages of
simple manufacture, low cost, and favorable stability, the sensor is expected to be one of
the best candidate instruments for measuring curvature and inclination.

Keywords: few-mode fiber; Mach-Zehnder interference; curvature sensing; strain; temperature

1. Introduction

Sensing technology is widely used in environmental monitoring, healthcare, safety
monitoring, intelligent transportation, agricultural production, and other fields. Compared
to other sensors [1-5], optical fiber sensors (FOSs) [6-9] based on optical fiber sensing tech-
nology have attracted more and more attention due to their unique anti-electromagnetic
interference, compactness, high sensitivity, and corrosion resistance. Optical fiber sensors
can be used to monitor various physical variables in the external environment, including
temperature [10], strain [11,12], refractive index (RI) [13-16], magnetic field [17], humid-
ity [18,19], curvature [20-22], pH [23], displacement [24,25], shape [26—29], and so on [30].

Among them, optical fiber curvature sensing technology is one of the important ap-
plication directions of FOSs. In recent years, a great deal of work has been carried out
in preparing novel fiber optic sensor structures. In 2020, Tan et al. [19] proposed a tem-
perature and vector curvature sensor based on dual-core photonic crystal fiber, which is
capable of achieving 61.68 pm/°C temperature sensing and bidirectional curvature sensing.
In 2021, Wang et al. [31] introduced a curvature and temperature sensor with a tapered
dispersion compensation fiber; the curvature sensitivity and a temperature sensitivity were
15.19 dB/m ! and 79.8 pm/°C, respectively. In 2023, Escobar-Vera et al. [22] presented
a system by interrogating three cores of a multicore fiber (MCF) with the time-expanded
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phase-sensitive (TE-®) OTDR technique, which was able to perform distributed curva-
ture sensing over a range of 125 m, with a resolution of 10 cm, and a sampling rate of
50 Hz. In 2024, Wu et al. [32] made a curvature fiber sensor that achieved a maximum
curvature sensitivity of —96.70 dB/m~! and a temperature sensitivity of 212 pm/°C. The
sensitivity and measuring range of the above sensors are limited, and the high temperature
cross-sensitivity greatly affects the accuracy of curvature detection and limits the accurate
measurement of curvature sensing. Unfortunately, the aforementioned curvature sensors
are usually subject to external environmental parameters, which reduces the accuracy of
curvature sensing.

In this paper, a hybrid sphere-shaped misaligned structure curvature sensor based on
the SMF-FMF-SMF (SFS-SSMS) is proposed. The sensor is fabricated by splicing a section
of FMF between two SMFs with a spherical microstructure and a misaligned structure,
and the simple structure effectively increases the range of the curvature measurement.
Experimental results show that the curvature sensor achieved a high curvature sensitivity of
—2.220 nm/m~!, with a low axial strain response and low temperature response, which can
effectively solve the problem of cross-sensitivity. In addition, the proposed fiber curvature
sensor has the advantages of good mechanical properties, easy use, and repeatable and
reversible sensing response, improving the practicability and flexibility of the sensor
in engineering.

2. Materials and Methods

The manufacturing process of the sensor is simple and repeatable. First, the relevant
parameters of the fiber splicing program in the splicing machine (Signal Fire X, Signal Fire
Technology Co., Ltd., Chengdu, China) are as follows: dust removal voltage 120 mV, dust
removal time 200 ms and 150 ms; fiber pre-melting voltage 10 mV, pre-melting time 180 ms;
welding voltage 940 mV, and welding time 3000 ms. Under the above parameters, the
fusion splicer performs multiple discharges on the FMF (YOFC FM SI—4, Yangtze Optical
Fibre and Cable Joint Stock Limited Company, Wuhan, China) fiber end face. During the
arc discharge process, the left stepping motor is pushed to the right, which causes the
softened portion of the fiber to be squeezed and gradually expand into a spherical structure.
After that, one end of the FMF with a spherical structure is axially fused to a single-
mode fiber, while the other plane of the FMF is misaligned with another SMF (Corning
SMF28e, Corning Incorporated, Shanghai, China). The sensing structure can be stably and
reproducibly prepared, and the preparation process is simple and environmentally friendly,
as shown in Figure 1.

Figure 1. Structure diagram of the SFS-SSMS structure sensor. (a) Micrograph of the sphere region.
(b) Micrograph of the misaligned region.
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When light reaches the fusion region of SMF and FMF, the high-order modes are
excited due to the spherical microstructure, and the specially designed structure of the
fusion region will enhance the interference effect and improve the curvature sensitivity.
The high-order modes transmit along the FMFE, and interference occurs when reaching the
misalignment region between the FMF and SMF on the right side of the structure. Hence,
this FMF microstructure interferometer can be considered as an MZI.

Based on the above analysis, the wavelength changes of the interference trough of
MZI based on FMF can be given by

Am? Ag

AN = ==
Al’leffL 271

)
where Anggs = n — nglff, neg, and nglff are the effective Rls of the core mode and the
cladding mode, respectively; L is the distance between two excitation/coupling units,
which is the distance between the spherical structure and the misaligned structure; and A,
is the wavelength of the interference tough.

When the temperature is constant, any change in the curvature of the sensing structure
will affect the wavelength of the interference trough. Assuming that the structural length
variation is AL, then AL = yAC, where vy represents the correlation coefficient between the
curvature change and the structure length, and AC is the curvature change. The phase
difference of the sensor can be expressed as

27
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where pS® and p¢! are the effective elastic coefficients of the core and the cladding. Therefore,
the curvature sensing sensitivity of the sensor can be expressed as
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The light field properties of the sensor were simulated with the beam propagation
method (BPM) module in RSoft software (Version 8.0.2.1), analyzing the mode excitation
and inter-mode interference of the SFS-SSMS sensor. In the experiment, the diameters of the
core and cladding of the SMF were 9 um and 125 um, respectively, and the corresponding
refractive indices were 1.45 and 1.47, respectively. The diameters of the core and cladding
of the FMF were 18.5 um and 125 pum, respectively. The diameter of the spherical structure
was 247 um, and the misaligned distance was half the core size, about 9 um.

Figure 2 shows the simulation results of the normalized transmission light field along
the Mach-Zehnder Interferometer (MZI) at an input wavelength of 1064 nm. When the
transmitted light passes through the spherical structure, the cladding high-order modes are
excited, and then the light will be transmitted over a certain distance between the core and
the cladding before being re-coupled into the core through the misaligned structure. Due to
the phase difference between the core and cladding modes, interference occurs. From the
simulation results, it can be found that between the spherical structure and the misaligned
structure, the energy exchange occurs between the LPy;, LPgy, LPg3, LPg4, and LPy; modes,
and the interference phenomenon is mainly generated by the LPy; and LPy3; modes.
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Figure 2. (a) Light field distribution and normalized energy distribution of the Mach—Zehnder
Interferometer (MZI) at 1064 nm. (b) The energy proportion of different modes and the corresponding
mode distribution.
3. Results and Discussion
Compared to other similar fiber sensors [33-36], the proposed fiber optic curvature
sensor has higher responsiveness and lower strain and temperature sensitivity. It is insen-
sitive to both strain and ambient temperature, thereby effectively avoiding the influence
of other environmental parameters on curvature sensing in practical applications. The
detailed analysis of the experimental results is as follows, as shown in Table 1.
Table 1. A comparison of the sensitivity of different sensors.
Structure Refs. Curvature Strain Temperature
SFS-SSMS Our work —2.220nm/m™} 7.99 pm/ue 3.958 pm/°C
SCMCF [33] 159 dB/m™! - —0.0179 dB/°C
RCF-TAPER-SMF [34] —3.504 nm/m ! 0.292 pm/pe 59.42 pm/°C
ARRG-MZI [35] —2.02nm/m™! - 5.54 pm/°C
UV-FBG [36] 0.553 nm/m ™! - 20.57 pm/°C

SFS-SSMS (SME-EME-SMF Sphere-Shaped Misaligned Structure); SCMCF (Strongly Coupled Multicore Fiber); RCF-
TAPER-SMF (Ring Core Fiber); ARRG-MZI (Anti-Resonant Reflecting Guidance); UV-FBG (Fiber Bragg Grating).

In order to verify the theoretical analysis and simulation results, sensor curvature,
strain, and temperature sensing were carried out in an ultra-clean optical laboratory with
constant temperature (20 °C) and controlled humidity. The experimental setups are shown
in Figure 3. Light was emitted from the broadband light source (Broadband Source, ASE-
1064, Sichuan Zi Guan photonics technology Co., Ltd., Mianyang, China); the effective
wavelength ranged from 1040 nm to 1160 nm) to the sensor via a fiber optic cable (SMF
28e, Shenzhen SDG Information Co., Ltd., Shenzhen, China), and the external variables
were subsequently applied to the sensor. The transmission spectrum of the modulated
signals was obtained by a spectrum analyzer (Optical Spectral Analyzer, YOKOGAWA
AQ6370D, Yokogawa Test & Measurement (Shanghai) Co., Ltd., Shanghai, China), which
has a maximum resolution of 0.02 nm.

The transmission spectrum of the light source (ASE-1064) at room temperature (20 °C)
and the transmission spectrum of the sensor in the initial state (0 mm~!, 0 ug, 20 °C) are
shown in Figure 4. The light purple curve shows the modulation spectrum of the SFS-
SMMS structure sensor with obvious peaks and troughs. The light blue curve indicates the
spectrum of the light source.
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Figure 3. Experimental setups of the sensor. (a) Curvature; (b) axial strain; and (c) temperature.
BBS—broadband source; OSA—optical spectral analyzer; SMF—single-mode fiber.
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Figure 4. Transmission spectra of the light source and SFS—SSMS sensors.

Subsequently, the curvature sensing performance of the SFS-SSMS sensor was experi-
mentally verified. The experimental sensing device is shown in Figure 3a. The structure was
fixed on an elastic plastic plate, and the two ends of the plate were fixed on two collinear
platforms. In the initial state, the plastic plate and the optical fiber sensing structure were
kept straight, and the distance between the two platforms was 100 mm. Then, one side of
the control platform was moved inward, causing the optical fiber and plastic plate to curve
together. As the two displacement platforms moved alternately in a step of 0.5 mm, the
elastic plastic plate was subjected to a uniform force, forming a standard arc as much as
possible, and the spectrum was recorded. In Figure 3a, AB is defined as the length of the arc,
the length of the string is defined as AB, and the central angle is defined as 0. The arc radius
R can be calculated by the arc length AB and the chord length AB, and the curvature is

1/R,C = % =4/ %d [34,37]. The unit step change of the stage was 0.5 mm (4 = 0.5 mm), the

corresponding unit curvature change was 6.57 x10~% mm™! (AC = 6,57 x 104 mm_l),
and the total displacement of the stage was 6 mm.

In order to visualize the changes in the interference spectrum, we normalized the
interference spectra. As can be seen in the insets of Figure 5a,b, the spectrum undergoes
a significant blue shift as the curvature increases. The interferometric troughs close to
1088 nm (Dip 1) and 1103 nm (Dip 2) were chosen as the indicating troughs for curvature
sensing. As the curvature increases, the wavelength position of the indicating troughs
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(Dip 1, Dip 2) changes, with the linear fit coefficients reaching 0.991 (Dip 1) and 0.966
(Dip 2), respectively. The curvature sensitivities of the indicating troughs (Dip 1 and Dip 2)
are about —2.220 nm/m~! and —1.373 nm/m !, respectively. The negative sign only
indicates that the indicator trough moved towards the short wavelength.

(a) dip 1 (~1085 nm) Curvature (mm™')—=—0 (b) dip 2 (~1105 nm) Curvature (mm™") —s—0
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Figure 5. Interference spectral response of the sensor utilized in curvature sensing. (a) The interference
trough near 1088 nm (Dip 1). (b) The interference trough near 1103 nm (Dip 2). Linear fitting curve of
the indicating trough varying with curvature for (c) Dip 1 and (d) Dip 2.

In order to explore whether the sensor has directional (vector) bending characteristics,
we conducted a reverse curvature sensing experiment, and selected Dip 1 (1088 nm, with
the forward curvature sensitivity of —2.220 nm/m ') for analysis. The experimental results
are shown in Figure 6. The spectrum undergoes a significant blue shift as the curvature
increases. As the curvature increases, the wavelength position of Dip 1 changes, and the
reverse curvature sensitivity of the Dip 1 is about —0.852 nm/m~!, with the linear fit
coefficients reaching 0.986.

Combined with the experimental results, the forward bending and reverse bending
curvature sensitivities are —2.220 nm/m~! (Dip 1) and —0.852 nm/m~!, respectively.
Unfortunately, the sensor cannot determine the direction of bending. The reason may be
that the microstructure of the sensor is a symmetrical spherical structure with a misaligned
cascade, with the misaligned distance of the structure is very small, and the whole structure
is equal to symmetrical.

In order to explore the cross-sensitivity of the fiber structure to other environmental
parameters, experiments on axial strain sensing and temperature sensing were also carried
out. The sensing devices are shown in Figure 3b,c. The indicator trough, Dip 1 (~wavelength
of 1088 nm), which has the highest curvature response sensitivity, was used to characterize
the cross-response of the above environmental parameters. A linear fit was performed for
the wavelength position of Dip 1 per unit environmental parameter (Ae, AT, AC), and the
results are shown in Figure 7.
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Figure 6. Interference spectral response of the sensor utilized in reverse curvature sensing. (a) The

interference trough near 1088 nm (Dip 1). (b) Linear fitting curve of the indicating trough varying
with curvature for Dip 1.
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Figure 7. (a) Correspondence of wavelength movement of the indicating trough (Dip 1, 1088 nm)
under unit changes of different environmental parameters. The blue curve is the temperature, the
purple curve is the axial strain, and the yellow curve is the curvature. (b) Linear fitting curve of the
indicating trough varying with strain for Dip 1 and Dip 2.

The cross-sensing experiments were divided into axial strain and temperature. The
axial strain experimental process is outlined as follows: The two ends of the optical fiber
were fixed on two collinear platforms. The distance between the two platforms was
changed by controlling the micrometer knob on the right-hand translation platform, and
the axial strain was applied to the optical fiber. The resolution of the micrometer was
0.001 mm. Let € be the axial strain applied to the fiber; then, e = Al/L, where Al represents
the length for each movement of the micrometer, and L is the initial distance between the
two platforms (L = 212 mm). The unit step change of the translation stage was 0.005 mm,
the corresponding unit strain was 2.36 x 10> (Aug = 23.6), and the total displacement of
the translation stage was 0.07 mm, with the corresponding total strain of 3.304 x 10~*. For
temperature sensing, the sensor was placed horizontally on a heating platform and covered
with a quartz boat. The temperature range was 20-140 °C, with a heating interval of
30 °C (AT = 30 °C). After the preset sampling temperature was reached, the transmission
spectrum was recorded.

The purple line shows the linear fitting result of the indicating trough (Dip 1) un-
der different strain conditions. In the strain range of 0-330.4 p%, the indicating trough
(Dip 1) gradually blue-shifts as the applied axial strain increases. It can be seen that the
maximum strain sensitivity was about 7.99 pm/ €. The sensor exhibited a very low strain
sensitivity across a wide strain range, indicating that the proposed sensor is essentially
strain-insensitive.

As shown in blue, the wavelength shift range of the indicating trough (Dip 1) is less
than 0.5 nm across the entire temperature range (20 °C to 140 °C, with a unit temperature
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interval of 30 °C; AT = 30 °C). The temperature sensitivity was very low at 2.958 pm/°C,
which can be considered negligible for curvature sensing.

When the sensor is measuring a certain environmental parameter, the phenomenon
of cross-response usually occurs. The experiment was carried out in an optical laboratory
with constant temperature and humidity, and the temperature had little effect on the sensor,
so we used the two-wavelength matrix method to analyze the curvature and strain.

The wavelength shifts of the indicated tough (Dip 1, Dip 2) caused by external envi-
ronmental curvature, strain, and temperature changes can be expressed as follows [38]:

A/\i = KCiAC + KEiAE (4)

where K¢; and K are the strain sensitivity and temperature sensitivity. The strain sensitivi-
ties of the indicating troughs are —0.000904 nm/pue and —0.00837 nm/ ug, respectively. The
response relationship with the change in environmental parameters is linear. Therefore,
Equation (4) can be rewritten as a matrix:

AC | AN
Ae | ANy

Bringing the above experimental results into a matrix, Equation (5) can be rewritten

Kci1 Keq

5
Kea K2 ©)

as follows:
AN

AC —2.220 — 0.000904
- Il o

Ae —1.373 —0.000837

4. Conclusions

In summary, we designed and experimentally proved an MZI-based SSMS-SFS hybrid
all-fiber curvature sensor. The sensor was prepared by simple arc discharge fusion of
cascaded spherical misaligned microstructures by SMF and FMEF. In terms of curvature
measurement, the sensor achieved a peak curvature sensitivity of —2.220 nm/ m~L. Mean-
while, the sensor also demonstrated low strain and temperature sensitivity. When the strain
varied from 0 to 330.4 ug, the highest stain sensitivity was 7.99 pm/ug, and the highest
temperature sensitivity was 3.958 pm/°C when the temperature changed from 20 °C to
140 °C. In addition, the sensor’s curvature sensing repeatability is excellent, and the sensing
sensitivity is linear over the entire measurement range. Since the sensor has the advantages
of low cost, simple preparation, and compact structure, it can be effectively applied to
curvature sensing in small spaces, and it can also be easily multiplexed into fiber optic
sensor networks, offering very broad application prospects in structural health monitor-
ing, robotics, biomedical engineering, and other industries. Furthermore, it provides new
possibilities for curvature sensing research and applications.
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