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Abstract: Vector bending sensors can be utilized to detect the bending curvature and direction, which
is essential for various applications such as structural health monitoring, mechanical deformation
measurement, and shape sensing. In this work, we demonstrate a temperature-insensitive vector
bending sensor via parallel Farby–Perot interferometers (FPIs) fabricated by etching and splicing a
multicore fiber (MCF). The parallel FPIs made in this simple and effective way exhibit significant
interferometric visibility with a fringe contrast over 20 dB in the reflection spectra, which is 6 dB
larger than the previous MCF-based FPIs. And such a device exhibits a curvature sensitivity of
0.207 nm/m−1 with strong bending-direction discrimination. The curvature magnitude and orienta-
tion angle can be reconstructed through the dip wavelength shifts in two off-diagonal outer-core FPIs.
The reconstruction results of nine randomly selected pairs of bending magnitudes and directions
show that the average relative error of magnitude is ~4.5%, and the average absolute error of orienta-
tion angle is less than 2.0◦. Furthermore, the proposed bending sensor is temperature-insensitive,
with temperature at a lower sensitivity than 10 pm/◦C. The fabrication simplicity, high interferomet-
ric visibility, compactness, and temperature insensitivity of the device may accelerate MCF-based
FPI applications.

Keywords: Multicore fiber; vector bending sensor; Fabry–Perot interferometer

1. Introduction

The measurements of bending are crucial in various applications, such as mechani-
cal deformation and structural health monitoring [1,2], medical and industrial robots [3–
5], and wearable electronics [6,7]. Over the past few decades, the demands for various
kinds of bending sensors have increased rapidly [1,8]. Compared to electronic bending
sensors [8,9], optical fiber bending sensors have attracted intense interest due to their
superiority lightweight, compactness, electromagnetic immunity, and the capability of
remote operation.

The fiber-based bending sensors have evolved from a basic one-dimensional curve
bending measurement to the more sophisticated spatially two-dimensional bending mea-
surement, commonly known as vector bending sensing, which is able to discriminate the
direction in all fiber orientations. MCF inherently possesses advantages in vector bend-
ing sensing because the spatial positions of the various cores induce a distinctive strain
distribution in the transverse cross-section when the fiber is bent. For instance, a few
MCF-based vector bending sensors, such as Bragg gratings (FBGs) [10–14], long period
gratings (LPGs) [15,16], Mach–Zehnder interferometers (MZIs) [17–22], super-mode inter-
ferometers (SMIs) [23,24] and Michelson Interferometers (MIs) [25,26] have been developed.
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Additionally, the MCF-based Fabry–Perot interferometer (FPI) vector bending sensors have
been investigated with great interest due to their compactness and reliability [27–29].

A variety of techniques were employed to fabricate the MCF-based FPI sensors, such
as resin-connected MCF [29–31], the splicing hollow core fiber with MCFs [27,28], and laser
micro/nano-manufacturing [32,33]. Ricardo et al. proposed a resin-connected MCF-based
FPI curvature sensor by filling the gap between an MCF and a single-mode fiber (SMF) with
a transparent photopolymerizable resin, achieving a sensitivity seven times higher than
the FBG-based MCF [11]. However, the thermodynamic properties of the polymer resin
may weaken the sensing accuracy and reliability in different temperatures. Alternatively,
Yang et al. implemented MCF-based FPIs for strain and directional bending measurements,
which were fabricated via splicing a fraction of a dual side-hole fiber between a seven-core
multicore fiber (MCF) and a multimode fiber [27]. However, it can only discriminate
positive and negative directions, not a vector fiber bending sensor. The vector bending
sensors can be manufactured by mirror inscriptions [32] and drilling holes in the MCF
cores with a femtosecond laser [33]. However, the fabrication instruments and procedures
are expensive, which may prevent the wide application of these methods.

In this work, we proposed and demonstrated a simple and effective approach to
implement parallel air-cavity FPIs inside an MCF for vector bending sensing, which was
fabricated via etching the end-facet of MCF with a hydrofluoric acid solution and splicing
two etched MCFs. These seven parallel FPIs were fabricated simultaneously with only one
etching and splicing procedure, so the fabrication process was simple and cost-effective.
The reflection spectra have a fringe contrast of over 20 dB, which is much higher than
the FPIs of similar size fabricated by the femtosecond laser drilling procedure [33]. The
curvature sensitivities of three off-diagonal cores have been measured in different fiber
orientations, with a maximum sensitivity value of ~0.207 nm/m−1, which is approximately
four times that of MCF-based FBGs [11]. The reconstruction of the curvature magnitude
and bending orientation angle was implemented via the spectral wavelength shifts in two
off-diagonal outer-core FPIs. The reconstruction results show that the relative error of
magnitude is within 7% with an average of 4.5%, and the absolute error of the orientation
angle is within 5◦, with an average of 1.8◦, comparable to that in [11]. Moreover, the
proposed vector bending sensor shows a temperature sensitivity of less than 10 pm/◦C,
indicating its stability in temperature-perturbed environments. The fabrication simplicity,
high interferometric visibility, compactness, and temperature insensitivity of the device
may accelerate the MCF-based FPI applications.

2. Principle and Fabrication
2.1. Principle

The proposed vector bending sensor is composed of seven parallel air micro-cavities
located inside the MCF cores. The schematic of such a device is presented in Figure 1, while
the cores and the corresponding FPIs are numbered clockwise from 1 to 7 on the cross-
section, as shown in Figure 1b. The air cavity has a spheroidal shape, and the polar and
equator diameters are li and hi, respectively. As shown in Figure 1a, in the corresponding
cavity, multiple reflections can occur when the light is transmitted through each core,
and the two main coherent reflected lights with a phase difference can meet in each core,
resulting in interference resonance. The peaks of the spectrum correspond to constructive
interference, while the valleys of the spectrum represent destructive interference, where
the reflected waves cancel each other out.

Considering the intensities of the reflected beams as I1 = I0R and I2 = I0(1 − R)2Rη,
here, I0 is the intensity of the initial beam, and R is the reflection coefficients for the Fresnel
reflection on the interface between the fiber core and the air. And η is the incidence rate of
reflected light [34]. The intensity resultant resulting from the interference can be represented
as follows [29]:

I = I1 + I2 + 2
√

I1 I2 cos(ϕ1 − ϕ2) (1)
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Figure 1. (a) Schematic of the proposed vector bending sensor, composed of seven parallel FPIs
fabricated inside the MCF. (b) The cross-section of the MCF shows the reference direction, bending
direction, and directions of the FPIs.

When the rear concave surface has a proper curvature radius, the reflected beam from
the rear surface will be reflected back to the core of the fiber by the concave mirror focusing
principle [35]. So, the device will exhibit a larger fringe contrast than the FPs composed of
planar surfaces.

The phase difference between the two beams and can be expressed as follows:

ϕ1 − ϕ2 =
2π

λ
2nl (2)

where λ is the free-space wavelength, and n and l are the refractive index (RI) and the
length of the FP cavity, respectively. Therefore, the changes in RI and length of the cavity
can affect the optical path difference between the coherent beams, resulting in variations
in the constructive and destructive interference wavelength, which is represented in the
spectrum through the shifts in peaks and valleys.

Once the fiber is bent, each FPI inside the MCF is compressed or stretched to varying
degrees, causing different changes in RI and the length of each FP cavity. The principle of
the bending measurement is shown in Figure 2. Initially, one end of the fiber is fixed to
the left stage, and the other end is free. Adjust the height of the right stage to be the same
as that of the left stage; in this case, the MCF remains straight, with a certain distance L0
between the two stages [Figure 2a]. When the left stage drives the left fixed point down a
distance (defined as deflection δ), the fiber bends, as depicted in Figure 2b. The relationship
between the deflection and the curvature of the fiber can be described as [36]:

δ =
1
R

=
C(x)L3

0
3|(x − L0)|

(3)

where R is the radius of the curvature and C(x) is the curvature of the fiber at the horizontal
distance x from the fixed point. Therefore, the curvature of the fiber is variable depending
on the fiber location, but it can be regarded as a constant for a small section, as shown in
the right images of Figure 2b.

The bending of FPI is caused by the internal longitudinal strain (ε), along the fiber,
which is defined as follows:

ε =
∆l
l0

(4)

where l0 is the initial length, ∆L0 is the change in length. According to the geometric
relationship shown in the right images of Figure 2b, ε can be expressed as follows:

ε =
∆Ly − ∆L0

∆L0
= − y

R
= −Cy (5)

where ∆L0 is the optical fiber arc length at the neutral axis and ∆Ly is the arc length at the
radial distance y from the neutral axis. The device fabricated inside of the fiber is located
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as x away from the fixed point. The strain of FPI7 is zero, because it is located at the neutral
axis. The strain of the outer core can be written as follows:

εi = −Cy = −
→
C ·

→
d i = −Cd cos(θ − θi) (6)

where the vector
→
d has a magnitude of the core pitch d, with the direction of the central

core towards the external cores, as is shown in Figure 1b. The direction of the central core
towards core5 is selected as the reference direction; the θ refers to the angle between the
direction of the bending and the reference direction; and each core is positioned θi from the
reference direction, as is depicted in Figure 1b. When the difference between the azimuth
angle of FPIs and the curvature orientation angle (θ − θi) is at angles ranging from 90 to
270 degrees, εi is positive and the FPIi is stretched. On the contrary, εi is negative, and FPIi
is compressed.
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Figure 2. The principle of bending measurement. (a) Optical fiber is in a straight state. (b) The fiber
is bent when the left terminal moves down a distance δ from its original position. The images on
the right are the transversal section of a small section of fiber (∆L0), respectively, in a straight and
bent scenario.

It is possible to express the wavelength shift caused by the strain of an mth dip
wavelength of the FPIi, such as the following:

∆λi = λm

(
1 +

1
n

∂n
∂εi

)
εi (7)

where the first term, λmεi, corresponds to the change in cavity length, and the second
term λm

1
n

∂n
∂εi

εi corresponds to the RI change in the cavity due to the elastic–optical effect.
Since the elastic–optic coefficient of air can be negligible [37], Equation (7) can be derived
as follows:

∆λi = −λmCd cos(θ − θi) (8)

Any two functions of off-diagonal outer cores, such as core2 and core4, can form a
matrix. Therefore, the bending orientation angle θ and curvature magnitude C can be
acquired with the matrix.

In order to illustrate the relationship between the wavelength shift and curvature, as
well as the relationship between bending sensitivity and bending direction more clearly,
we simulated Equation (8) using MATLAB 2022a, as shown in Figure 3. The wavelength
shifts in FPI2 showed a linear relationship with curvature when θ = 0◦, θ = 90◦ and θ = 180◦,
with sensitivities of 102 pm/m−1, 0, and −102 pm/m−1, respectively. And the bending
sensitivities of FPI2, FPI4, and FPI6 exhibit a sinusoidal relationship with the curvature
orientation angle.
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2.2. Fabrication

The fabrication process of parallel air cavity FPIs in the MCF is shown in Figure 4.
Firstly, a piece of MCF was cut to obtain a flat fiber end facet by a fiber cleaver (Fujikura
CT-104, Fujikura Ltd., Tokyo, Japan) in Figure 4a. The MCF is composed of seven cores,
one at the center and six others arranged in a hexagonal shape. The fiber has an outer
diameter of 201 µm, a core diameter of about 8.2 µm, and a core pitch of 66 µm, as depicted
in Figure 4b. Next, the flat cleaved fiber tip was exposed to 20% hydrofluoric acid (HF) at
25 ◦C, as shown in Figure 4c. As the silica doped with GeO2 was etched at a higher rate
than the pure silica when exposed to HF [38], seven air holes could be formed at seven
cores simultaneously. Figure 4d–g show the etched facets over different etching durations
between 10 min and 25 min. The depth of the air holes is deeper with the extension of
etching time. It is interesting to note that the ring pattern on the air hole surface is formed
after etching, which is due to the doped pattern of MCF. Finally, two MCFs with an etching
duration of 25 min were spliced together by a fusion splicer (Vytran GPX-3400, Vytran
LLC, Paramus, NJ, USA), as shown in Figure 4h. Due to the melting process during the
fusion splicing, seven micro-holes rapidly expanded into elliptically spherical air cavities,
as shown in Figure 4i,j. The images show a center cavity with a polar diameter of 24.18 µm
and off-center cavities with a polar diameter of 26.05 µm, respectively, with an equator
diameter of 36 µm for both the center and off-center cavities. The relatively small difference
in polar diameters between the center cavity and the off-center cavities may be attributed
to the difference in the fusion temperature distribution along the fiber radial direction.
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Figure 4. The device fabrication process. (a) A piece of MCF was cut to obtain the flat fiber end facet.
(b) The cross-section of the MCF. (c) The flat cleaved fiber tip was exposed to 20% hydrofluoric acid
(HF) at 25 ◦C. (d–g) The etched facets over different etching times. (h) Two sections of MCFs with
etched facets were spliced together. (i,j) The spliced joint focused on the central core and side cores.
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3. Experiment Results and Discussion
3.1. Characterization

Prior to spectral measurement, the MCF bending experiment device was calibrated to
ensure the continuity and accuracy of the measurement. The sample was spliced with an
MCF fan-in/out device fabricated in [39], and the pigtail of the MCF was cut at an angle
of 8◦ to eliminate the reflection of the fiber end facet. The alignment system is shown in
Figure 5a. Two laser beams of green light (532 nm) and red light (638 nm) emitted from
the multi-channel laser were connected to core5 and core7. The fiber terminal was held on
the fiber rotator (Thorlabs HFR007, Thorlabs, Inc., Newton, NJ, USA) that fixed on a 3D
translation stage. The optical fiber end facet was imaged by a 40 X objective lens in front of
the fiber tip placed on another 3D translation stage, and the red and green spots appeared
on a screen. The reference direction was determined to be straight up by rotating the fiber
rotator, as shown in Figure 5b. When the red-light spot is just below the green-light spot
in the process of rotating the optical fiber rotator, it can be proved that core5 is just above
core7 on the fiber end facet; that is, the reference direction is straight up [Figure 5c].
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Figure 5. The alignment system. (a) The Setup. (b) A reference fiber angular position. (c) The red-light
spot is just below the green-light spot.

After the alignment process, the alignment system was replaced by the interrogation
system, which included a broadband EDFA light source, an optical spectrum analyzer,
and an optical switch (1 × 8) for the measurement of the reflection spectrum, as shown
in Figure 6.
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Figure 7 plots the reflection spectra of the central cavity (FPI7) and the selected outer
cavities (FPI2, FPI4, and FPI6) when the MCF is straight. The reflection spectra of all
spheroidal air cavities have a fringe contrast over 20 dB, which is 12 dB larger than those of
cavities with a similar polar diameter and equator diameter fabricated by the femtosecond
laser drilling method [33].
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3.2. Vector Bending Measurement

The vector bending characteristics of the sensor were implemented using the interro-
gation system shown in Figure 6. The sensor is 2 mm away from the fixed left point, and
the distance is 24 mm between the two stages. The curvature magnitude can be changed by
adjusting the height of the left displacement stage. Then, the curvature direction can be
changed by rotating the fiber rotator. To simplify experimental operation and data process-
ing, the vector bending of three non-diagonal cores (core2, core4, core6) was measured to
obtain curvature sensitivity and directional reconstruction. The measured curvature ranges
from 0 to 12.3 m−1, with a step of 2.05 m−1. The measured direction angle ranges from 0◦

to 360◦ with a step of 30◦.
The results of core2 in vector bending measurement are used as examples (similar to

the results of core4 and core6) to demonstrate the performance of the MCF bending sensor.
As shown in Figure 8a, the original spectrum (the black line) has a dip at 1553 nm. However,
the high-frequency fluctuations superimposed on the spectrum cause the interference
spectrum to deviate from the ideal pattern; as such, it may be difficult to find the true
dip. The Fourier series fitting method has proven to be effective in terms of addressing
the resonant wavelength shift problem in [40]. Therefore, we remove the high-frequency
disturbance of the original spectra by the Fourier fitting, as the red curve shown in Figure 8a
suggests. The evolution of reflection spectra with curvature variation is shown in Figure 8b
(fiber orientations θ = 90◦), Figure 8c (θ = 0◦), and Figure 8d (θ = 180◦), respectively.
The insets are the local spectra near the dip. As the curvature magnitude increases, the
spectra are invariant (fiber orientations θ = 90◦), red-shifted (θ = 0◦), and blue-shifted
(θ = 180◦), respectively. The azimuth angle of FPI2 (θ2) was set to 180◦ after the alignment
process; thus, the shift direction of the spectrum measured in the experiment with different
fiber orientations conforms to Equation (8). The invariant, red-shifted, and blue-shifted
spectra indicate that the cavity is unstressed, stretched, and compressed, respectively.
The highest positive sensitivity and negative sensitivity can be obtained at θ = 0◦ and
θ = 180◦, respectively. Figure 8e,f show the dip wavelength as a function of curvature, and
the positive sensitivity is 0.192 nm/m−1, and the negative sensitivity is −0.207 nm/m−1,
respectively, which is about four times that of MCF-based FBGs [11]. The values are larger
than the value of 0.102 nm/m−1 calculated by Equation (8), which can be attributed to
the fact that the actual curvature is larger than that calculated by Equation (3) due to the
existence of air cavities affecting the uniformity of the glass fiber.
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spectrum does not undergo the wavelength shift with the curvature change, regardless of whether θ

is 0◦ or 90◦.

The dip wavelength of FPI2, FPI4, and FPI6 as functions of curvature in all fiber ori-
entation angles is shown in Figure 9a–c, respectively. The dip wavelength of FPIs varies
linearly with curvature in different fiber orientations. While the slope of the fitted line is
different with the change in fiber orientations, indicating that the curvature sensitivity of
FP cavity is dependent on the bending direction, the maximum positive sensitivities of
FPI2, FPI4 and FPI6 are 0.192 nm/m−1, 0.201 nm/m−1, 0.190 nm/m−1, and the maximum
negative sensitivities are 0.207 nm/m−1, 0.194 nm/m−1, and 0.189 nm/m−1, respectively.
The values are approximately similar, which verifies that the FPIs in different cores fabri-
cated by our method have good repeatability. In order to visualize the bending-direction
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dependence clearly, we represent the curvature sensitivities of the three FPIs as a function
of the fiber orientation angles in polar coordinates, as is shown in Figure 9d.
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The angular dependence of the bend sensitivities for the three outer core FPI cavities
show an elegant “8”-shaped pattern, showing good symmetry. Additionally, the curva-
ture sensitivities of FPI2, FPI4, and FPI6 reach the maximum when θ = 0◦, θ = 240◦ and
θ = 120◦respectively, which verifies that the above alignment process is reliable.

In order to obtain the specific sensitivity expression of every FPI, we represent the
curvature sensitivities of the three FPIs as functions of the fiber orientation in cartesian
coordinates, as shown in Figure 10a. The expression of the sinusoidal fitting curve can be
written as follows:

S2 = (−0.006524 + 0.1957 cos(0.0175θ) + 0.002104 sin(0.0175θ))nm/m−1 (9)

S4 = (−0.002587 − 0.09925 cos(0.0175θ)− 0.1726 sin(0.0175θ))nm/m−1 (10)

S6 = (−0.001448 − 0.09804 cos(0.0175θ) + 0.1655 sin(0.0175θ))nm/m−1 (11)

where S2, S4, S6 are the sensitivities of the three FPIs, respectively.
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Figure 10. (a) The curvature sensitivities of FPI2, FPI4, and FPI6 as functions of the fiber orientation in
cartesian coordinates. (b) The actual and reconstructed values demodulated by different combinations
of the three FPIs for nine random curvature magnitudes and orientations in polar coordinates.
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In order to test the performance of the system, we measured a set of spectra for nine
random different curvature magnitudes C1∼9 in the range of 0 to 12.3 m−1 and orientations
angles θR

1∼9 from 0◦ to 360◦. For a set of curvature magnitudes C1 and orientation angles
θR

1 , the wavelength shifts in the three cores are ∆λ2
1, ∆λ4

1, ∆λ6
1. The relationship between

the wavelength shift and the curvature magnitude can be expressed as follows:

∆λ2
1 = C1(−0.006524 + 0.1957 cos(0.0175θR

1 ) + 0.002104 sin(0.0175θR
1 )) (12)

∆λ4
1 = C1(−0.002587 − 0.09925 cos(0.0175θR

1 )− 0.1726 sin(0.0175θR
1 )) (13)

∆λ6
1 = C1(−0.001448 − 0.09804 cos(0.0175θR

1 ) + 0.1655 sin(0.0175θR
1 )) (14)

Any combination of two of these equations can solve C1 and θR
1 . Thus, three combi-

nations (FPI2 and FPI4, FPI2 and FPI6, FPI4 and FPI6) can be used to solve the parameters,
and the final value can be averaged from the three reconstructions, giving a more accurate
value [11]. The nine reconstructed values (CRe

1∼9, θRe
1∼9) through different combinations and

the actual values (C1∼9, θR
1∼9) match well with each other in Figure 10b.

The nine reconstructed average results are compared with the actual data in cartesian
coordinates to calculate the error, as shown in Figure 11.
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Figure 11. The reconstructed and actual (a) curvature magnitudes and (b) orientation angles.

The relative errors of the curvature magnitude are within 7%, with an average of 4.5%.
The absolute errors of the orientation angles are within 5◦, with the average error at 1.8◦.
The results showed high accuracy and good reliability of the method of reconstructing the
vector curvature in a wide range.

3.3. Temperature Experiment

The temperature characteristic of the proposed sensor was investigated. In the ex-
periment, the sensor was put into a heating oven. The temperature gradually increased
from 20 ◦C to 60 ◦C with a step of 10 ◦C. The sensing spectra of three FPIs numbered
FPI1, FPI2, and FPI3 presented wavelength red-shift, and the sensitivities were 9.8 pm/◦C,
7.8 pm/◦C and 5.6 pm/◦C, respectively, as shown in Figure 12d. The small difference may
be caused by variations in the shape and size of the cavity. Therefore, the proposed device
has temperature insensitivity, which can be attributed to the fact that the effective RI of air
in the cavity hardly changes with temperature perturbation.

We also compared our results with the previously reported works in Table 1, the
parallel FPIs in an MCF fabricated in this way have fringe contrast over 20 dB in the
reflection spectra, which is 6 dB higher than the previously reported works.
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Table 1. Characteristics of the parallel FPIs in multicore fiber.

Methods of Fabrication The Size of
the Device (µm)

Fringe
Contrast (dB)

The Maximum Bending
Sensitivity (pm/m−1)

The Temperature
Sensitivity (pm/◦C) Ref.

Cold splicing 600 18 420
176 (need

temperature
compensation)

[29]

Dual side-hole
fiber splicing 135 0.9 242.5 4.1 [27]

Silica capillary optical
fiber splicing 225 13 200.6 0.67 [28]

Reflection mirrors
fabricated by

femtosecond laser
1000 13.5

48.03 nm/mm
equivalent to
2.9 nm/m−1

532 (need
temperature

compensation)
[32]

Femtosecond laser
micro-holes drilling

and splicing
26 8.7 - 0.74 [33]

Corrosion and splicing 26.05 24 200.6 9.8 This work

4. Conclusions

In summary, we have proposed and demonstrated experimentally a vector bending
sensor based on seven parallel air FPI cavities fabricated by hydrofluoric acid etching and
splicing in an MCF. The FPIs exhibited high fringe contrast over 20 dB in the reflection
spectra, which is 12 dB higher than previous results manufactured by a femtosecond laser.
Such a device exhibits a maximum vector curvature sensitivity of 0.207 nm/m−1 in a
wide curvature range from 0 to 12.3 m−1. The curvature sensitivity of parallel FPI cavities
is characterized in detail. The reconstruction of nine pairs of bending magnitudes and
orientation angles shows that the average relative error of curvature magnitude is 4.5% and
the average absolute error of orientation angle is 1.8◦, proving the reliability of the sensor.
Moreover, the sensor exhibits pm-level temperature sensitivity. This simple and compact
vector bending sensor may accelerate the MCF-based FPI applications.
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