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Abstract: A vector curvature and temperature sensor based on an in-fiber hybrid microstructure is pro-
posed and experimentally demonstrated. The proposed scheme enables the dimensions of the Fabry-
Perot and Mach—Zehnder hybrid interferometer to be adjusted for the formation of the Vernier effect
by simply changing the length of a single optical fiber. The sensor is fabricated using a fiber Bragg
grating (FBG), multimode fiber (MMF), and a single-hole dual-core fiber (SHDCF). The sensor ex-
hibits different curvature sensitivities in four vertical directions, enabling two-dimensional curvature
sensing. The temperature and curvature sensitivities of the sensor were enhanced to 100 pm/°C and
—25.55 nm/m™, respectively, and the temperature crosstalk was minimal at —3.9 x 1073 m~1/°C.
This hybrid microstructure sensor technology can be applied to high-sensitivity two-dimensional
vector curvature and temperature detection for structural health monitoring of buildings, bridge
engineering, and other related fields.

Keywords: optical fiber sensor; hybrid microstructure; the Vernier effect; vector curvature sensing;
low-temperature crosstalk

1. Introduction

The benefits of fiber-optic sensors are their resistance to corrosion, anti-electromagnetic
interference, and lightweight and compact size. As a result, much research has been carried
out on various curvature and temperature sensors based on fiber Bragg gratings and fiber-
optic interferometers [1] to meet the needs of the biomedical, intelligent robotics, aerospace,
and structural monitoring industries. FBG sensors [2,3], Fabry—Perot interferometers
(FPI) [4], Mach—Zehnder interferometers (MZI) [5], Sagnac interferometers (SI) [6], and
Michelson interferometers (MI) [7] are a few examples.

The Vernier effect is an effective way to increase the sensitivity of measurements.
Examples of these structures include cascaded MI sensors [8], cascaded fiber rings [9,10],
cascaded FPIs [11,12], cascaded MZIs [13], and cascaded Sagnac interferometers [14]. The
Vernier microwave frequency comb envelope detection system, which applies the Vernier
effect directly to the microwave signals and increases the sensor sensitivity by creating
the Vernier effect in the frequency domain, is the basis for the fiber optic sensor that
Zuowei Xu et al. [15] suggested. In recent years, there has been a great deal of interest in
compact Vernier effect curvature sensors, which have benefited from advances in processing
technology. For instance, a compact microstructure vector curvature sensor was constructed
by Zhang et al. [16] from a single-mode, triple-core, and double-side-hole fiber. The single-
mode fiber and the bias core of the three-core fiber are bonded together using a bias fusion
process and then tapped near the fusion point. The core of the dual side-hole fiber and the
two biased cores of the triple-core fiber form two parallel MIs, respectively, which create
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the Vernier effect. The structure of the consecutive Mls exhibits an opposite sensitivity to
curvature, resulting in an amplification factor of curvature sensitivity that is twice that of
the conventional Vernier effect. AI Zhou et al. [17] proposed and validated a sensor based
on two Fabry-Perot interferometers, which enables simultaneous temperature and vector
curvature measurement. The sensor comprises a bias-core optical fiber and a double side-
hole optical fiber. The bias-core and double side-hole fibers were connected sequentially to
form two cascaded Fabry—Perot interferometers (FPIs), producing the Vernier effect. The
maximum curvature sensitivity was —88.15 pm/m ™!, while the maximum temperature
sensitivity was 57.2 pm/°C. However, the fabrication process of existing compact vector
curvature sensors generally requires treatments such as fusion splicing of bias cores and
pulling cones. It is challenging to fabricate them because it is necessary to control the
dimensions of multiple segments of optical fibers.

In this study, a vector curvature and temperature sensor based on an in-fiber hybrid
microstructure is proposed and experimentally demonstrated. The proposed scheme
enables the dimensions of the Fabry—Perot and Mach—Zehnder hybrid interferometer to
be adjusted for the formation of the Vernier effect by simply changing the length of a
single optical fiber. The sensor is fabricated using a fiber Bragg grating (FBG), multimode
fiber (MMF), and a single-hole dual-core fiber (SHDCF). The sensor exhibits different
curvature sensitivities in four vertical directions, enabling two-dimensional curvature
sensing. The temperature and curvature sensitivities of the sensor were enhanced to
100 pm/°C and —25.55 nm/m ™!, respectively, and the temperature crosstalk was minimal
at —3.9 x 1073 m~1/°C. This hybrid microstructure sensor technology can be applied to
high-sensitivity two-dimensional vector curvature and temperature detection for structural
health monitoring of buildings, bridge engineering, and more.

2. Fabrication and Operating Principle
2.1. Sensor Fabrication

The fiber used in this work is a silica fiber with a diameter of 125 um. It is a single-hole
dual-core fiber (SHDCF) with a circular air hole and two arranged fiber cores. The cross-
section of the fiber is shown in Figure 1b. The SHDCF has an internal air hole diameter
of 40.6 um, and both cores are 8 um in diameter. The Multimode fiber (MMF) has a
core diameter of 105 um and a cladding diameter of 125 um and it is manufactured by
Wuhan Yangzi Optoelectronics Technology Co. (Wuhan, Hubei Province, China). Zhixing
Technology Nantong Co. (Nantong, Jiangsu Province, China). provides the fiber Bragg
grating (FBG) used in this paper. The length of the fiber Bragg grating is 10 mm, the
central resonance wavelength is 1550 nm, the 3 dB bandwidth is 0.11 nm, and the peak
reflectance reaches 12 dB. In the sensor manufacturing process, a 300 pm multimode fiber
and a 750 pm single-mode dual-core fiber are sequentially fused at one end of the FBG.
The second step fuses the single-mode fiber and a 300 um multimode fiber. Finally, the
multimode fiber is fused to the other end of the single-hole dual-core fiber to complete
the sensor probe. Simply put, FBG-PAHM is the structure of parallel asymmetric hybrid
microcavity cascading an FBG within a fiber.
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Figure 1. (a) Structure diagram of the sensor. (b) The cross-section of the SHDCF.



Photonics 2024, 11, 703

3of 14

2.2. Operating Principle

The interferometric envelope spectrum of the sensor is formed by the hybrid superpo-
sition of the Fabry—Perot interferometer (FPI) and the Mach-Zehnder interferometer (MZI).
The FP1 is the FP cavity formed by the air cavity of the multimode fiber and the SHDCF, as
illustrated by the red arrows in Figure 1a. The MMF; /air cavity interface forms the initial
reflective surface at M, while the MMF, /air cavity interface forms the second reflective
surface at My. The formation of the FPI is initiated when a portion of the detected light
exits the multimode fiber and enters the air cavity. The yellow arrow in Figure 1a indicates
the MZI, whereby part of the light enters the cladding and core of the SHDCF for dual path
transmission, thus forming the MZI. These two microstructures are parallel to each other,
thus forming a parallel FPI/MZI structure.

According to the interference theory, the resonance wavelength of FPI and MZI can be
expressed as follows:

4n.L

Arpr = % Jlr 7 1)
21, L

Amzi = b j_ 1 )

where 17 is the effective refractive indices of the air hole, 1, is the effective refractive indices
of the cladding and the core of the SHDCE, a is the FPI resonance order, and b is the MZI
resonance order. L is the length of the SHDCEF. A is the operating wavelength. The FSRs of
FPI and MZI are as follows:

)LZ

FSRppr = m 3)
)\2

FSRMZ[ = m (4)

To satisfy the conditions that produce the Vernier effect, we designed FSRrp; to be
close to, but not equal to, FSRyz;. The envelope formula for the FSRE is as follows [18]:

FSRppr - FSRpyz1

FSRg = 5
¥ [FSRpp; — FSRpzi| ©)
The magnification factor is as follows:
FSRumzi(ppr

Mpyzi(rrr) = [FSRrpr — FSRiz1]

Temperature has a negligible effect on the refractive index of the air, so the Mach-
Zehnder interference effect plays a vital role in the temperature sensitivity of the hybrid
structure. The temperature sensitivity of the structure can be expressed as follows [19]:

oT oT

2 (on oL on, 1 oL 1
St = MmziSmzi = MMZIE (ZL + nz) = MMZI/\b< 2 4 > = MpmziAp(k+ &) ()

9T ny  9TL
where k and £ are constants expressed as thermo-optic and expansion coefficients, respectively.
This structure is made of pure silicon dioxide with a small coefficient of thermal expansion;

therefore, the temperature sensitivity of this sensor is mainly related to the thermo-optic effect,
and Equation (7) is rewritten to regain the temperature sensitivity equation:

ang 1

St = MMZIAbaiTnfz

= MmziApk ®)

Air cavity deformation and elastic-optical effects affect the interference spectrum
during curvature sensing. The elastic-optical effect is weak within a slight curvature
variation, and the curvature sensing sensitivity is mainly related to the FPI involved in the
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air cavity deformation. Therefore, the wavelength of the interference drift caused by the
change in the FPI cavity length can be derived as follows [20]:

AL
AAg = MppiAApp; = MFPITA:; = MrpihCA, )

where AL is the change in length of the FPI chamber before and after bending, / is the
distance between the center of the FP cavity and the bottom of the fiber, and C is the
curvature value to be measured. The FP cavity in this structured sensor is located at a
non-centrosymmetric position on the cross-section with different values of / in different
bending directions, thus having different sensitivities in the curvature sensing. In addition,
the blue or red shift of the interference spectrum depends on the bending direction. When
the sensor is bent in the 180° and 270° directions, AL is less than 0, so AA,; and C are nega-
tively proportional, and the interference spectrum is shifted towards the short wavelength.
Conversely, AA,; and C are proportional in the 0° and 90° directions, and the interference
pattern is correspondingly shifted in the long-wavelength direction.

When transmitted light passes through an FBG, some of its energy is reflected. The
Bragg resonance wavelength can be written as follows:

Appc = 2n§§f‘}A (10)
where nﬁ ffc} is the effective refractive index of the mode propagating in the FBG region,

and A is the grating period. The resonant wavelength of the FBG shifts as the temperature
increases or the grating curvature changes [21,22].

2.3. Simulation and Spectral Analysis

The Beam Propagation Method (BPM) was used to model the multimode fiber and
sensor beam transmission characteristics to investigate the beam transmission in the sensing
structure, as shown in Figure 2a,b. The multimode optical fiber in the sensor mainly plays
the role of a beam expander and beam combiner. Too short a length is not conducive to the
beam spreading and combining effect, while too long will affect the interference spectrum
in the hybrid microcavity. The RSOFT simulation shows that when the multimode fiber is
300 um, the beam spreading and combining effects are more satisfactory, and we set the
length of the multimode fiber to 300 pm in the sensor design. As a result, there is no need
to set up a reference unit outside the test region, unlike many cascade structure sensors
based on the Vernier effect [23]. This makes it easier to miniaturize the sensing structure
and allows us to tune the sensor properties by changing only one length.
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Figure 2. (a) Energy distribution in multimode fiber. (b) Energy distribution in the PAHM structure.
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To investigate the effect of different SHDCFs on the transmission spectra of the sensors,
we kept the length of the multimode optical fibers unchanged. We fabricated the sensors
with SHDCF with lengths of 500 pm, 700 pm, 750 pm, and 850 um, respectively, and the
transmission spectra are shown in Figure 3a. From Figure 3a, we can see that we obtain a
better superposition interference spectrum at the length of 750 um of the SHDCE, which
creates the Vernier effect. Figure 3b shows the FFT-transformed spatial frequency spectrum
corresponding to the interference spectrum of Figure 3a. It can be seen that a better Vernier
effect is formed when the interference between the FPI and the MZI plays a dominant
role. The following work is based on parallel FPI/MZI cavities of 750 pm length. When
using the Vernier effect sensor for two-parameter detection, the sensitivities of different
interference envelopes are closer, which can cause errors in the demodulation process.
Therefore, we cascade an FBG with the Bragg resonance wavelength around 1550 nm
on top of the parallel hybrid cavity for two-parameter vector curvature and temperature
detection. The transmission spectra of the fabricated composite structure sensor at 0° angle
and 0 m~! curvature are shown in Figure 4. Measuring the temperature and curvature
requires two observation points, dip1 and dip2. Dip1 denotes the interference envelope’s
trough, and dip2 is the Bragg resonance wavelength.
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Figure 3. (a) Transmission spectra of the PAHM sensor under different SHDCF lengths. (b) The
spatial frequency spectrum of the PAHM sensor under different SHDCF lengths.
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Figure 4. Transmission spectrum of the FBG-PAHM structured sensor.
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3. Results and Analysis

Figure 5 shows a schematic of the experimental setup that uses the Vernier effect
to detect curvature. Yokogawa measuring Technologies (Shanghai, China) provided the
spectrometer, model AQ6370D, which has a wavelength measuring range of 600-1700 nm.
It has a power range of —90 dBm to 20 dBm and a spectral resolution of 0.02 nm. The
broadband light source (YSL, SC-5-FC) can operate in the wavelength range 480-2200 nm
with a total output power of 800 mW. The optical fiber is attached to the bracket by two
rotating clamps. The rotational angle scale of both rotators enables the sensor to detect
various four-directional curvatures. The sensing probe is affixed to the center of a steel
straight edge, and a push-pull gauge is employed to induce a minor displacement in
the vertical direction of the steel straight edge, which subsequently alters the curvature
of the sensor. One branch is connected to a broadband light source, while the other is
connected to a spectrometer. The resulting transmission spectrum data were observed on
the spectrometer. The curvature can be obtained from the following formula:

2d
C=— "7 11
(d? +52) )
where d is the downward distance from the end of the sensor, and s is half the distance
between the fixtures at each end of the metal sheet. In the bending tests, the distance
between the two fixtures was 74 mm, and the micrometer screw was moved 0.1 mm at a
time to increase the curvature from 0 m~! to 0.865 m1.

R

Rotatable clamp

Micrometer
screw

Fiber holder Fiber holder

Figure 5. Schematic diagram of the experimental system.

3.1. Curvature Sensing Experiment

The curved response spectra of FBG-PAHM at 0°,90°, 180°, and 270° (0 m~1-0.865 m~1
curvature change range) are shown in Figure 6. The wavelength shifts of the interference
envelopes are different for the different directions of change of the angle of curvature. As
the curvature increases, the interferometric envelope produces a red shift in the 0° and 90°
direction. The interference envelope produces a blue shift in the 180° and 270° direction
as the curvature increases. At the end of each angle of the curvature test, the sensor was
reattached after both sides of the fixture had been rotated clockwise at 90° simultaneously to
stabilize it. The design of a parallel asymmetric hybrid cavity allows for generating different
sensitivity cases for different angular curvature tests. As the FP is positioned further away
from the fiber center plane, the curvature sensitivity increases, as demonstrated by the
results obtained at 0° and 180°. Conversely, the sensitivity diminishes as the FP cavity
approaches the fiber center plane, for instance, at 90° and 270°. This phenomenon is
consistent with theoretical analyses of the sensor structure and with the literature [17]. Both
the wavelength drift direction and the sensitivity effectively discriminate the curve direction.
The curvature sensitivity of the sensor in the four vertical directions was found to be 0°:
20.23 nm/m™1,90°: 10.87 nm/m™!, 180°: —25.55 nm/m !, and 270°: —6.425 nm/m ! in
Figure 7a. The experimental results demonstrate that the FBG-PAHM structure exhibits
enhanced capability for measuring vector curvature. The FBG is situated on the central axis
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of the sensor, thereby ensuring that the sensitivity for detecting curvature at different angles
remains unaltered. Figure 7b illustrates the fitted line of wavelength shift versus curvature
change of the FBG, with the curvature change sensitivity of the FBG being 0.24 nm/m .
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Figure 6. The sensor structure’s response to curvature: (a) 0°, (b) 90°, (c) 180°, and (d) 270°.
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Figure 7. (a) At various rotational azimuth angles, as a function of dip wavelength-curvature.
(b) Relationship between the resonant wavelength of FBG and curvature with curvature increasing.

Five consecutive repeatability tests were performed at different angles where the
curvature gradually increased from 0 m~! to 0.865 m~!. Figure 8a shows the repeatability
of the sensor’s curvature monitoring at various orientations. The results show that while
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the repeatability of curvature monitoring varies in different directions with a narrow range
of variation, the repeatability of curvature monitoring is approximately constant. The color
bars in Figure 8a show the standard deviations of the measured points of the envelope
interference trough for different amounts of curvature, and the most significant standard
deviation (SD) is less than 0.17 nm/m ™. This indicates that the sensor’s curvature detection
method has a high degree of repeatability, which meets the requirements of many curvature
monitoring applications.
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Figure 8. (a) The vector curve repeatability test characterization. (b) Sensor stability measurement
for four hours.

Figure 8b shows the stability test spectra of the FBG-PAHM structure. Eight sets
of recordings were made, with the spectra recorded and scanned every thirty minutes,
to accurately track the offsets for the wavelength domain light intensity fluctuations. A
maximum wavelength shift of less than 6 pm and an integrated light intensity fluctuation
value of less than 1 dB demonstrate the instrument’s improved stability performance. This
consistent stability improves the application situations of the curvature testing experiment
for long-term structural health monitoring.

3.2. Temperature Sensing Experiment

The hybrid structure sensor was immersed in a temperature-controlled water bath,
and the temperature was increased from 33 °C to 113 °C at 10 °C intervals to test its
temperature sensing capability. The reflectance spectra of the fiber Bragg grating and
hybrid microstructure were red-shifted with increasing temperature in Figure 9. The
Vernier effect formed an envelope with a temperature sensitivity of 100 pm/°C. The
reflectance spectra also showed that the resonant wavelength of the FBG had a temperature
sensitivity of 13 pm/°C. The linear fit for dip1 and dip2 were 0.999 and 0.992, respectively,
as shown in Figure 10. Conversely, this sensor’s curvature and temperature crosstalk
are relatively low at —3.9 x 1072 m~!/°C. This phenomenon can be attributed to two
main reasons. One reason for this is that the temperature weakens the change of the
effective refractive index of the air cavity during the temperature sensing process. The
temperature response of the sensor is mainly due to the thermo-optic effect, which changes
the effective refractive index of the fiber core and cladding in the MZI. Additionally, during
curvature sensing, the deformation of the air cavity and the fiber core is considerable, and
the interference wave valley produces a significant translation due to the elastic-optical
effect. The response of the interferometric troughs to temperature and curvature sensing
has been found to vary significantly. Consequently, a lower temperature crosstalk is formed.
Simultaneously, temperature and curvature monitoring can be achieved using the sensor’s
curvature sensitivity.
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Figure 9. The wavelength shifts of the envelope and the FBG with the temperature change: (a) three-
dimensional image, (b) two-dimensional image and a magnified view of the wavelength shift of the
FBG resonance in the inset.

J — ; r .
Line fitting of dipl| y=0.1x-3.21
4 dp2 R?=0.997 y
64 Line fitting of dip2 -
)
El i
3 4
5 y=0.013x-0.474
R?=0.996 \ |
() p
40 60 80 100
Temperature(°C)

Figure 10. Response of the sensor structure to the different temperatures.

3.3. Simultaneous Measurement of Curvature and Temperature

It can be demonstrated that the spectra of the hybrid structure exhibit a linear response
to changes in curvature or temperature, respectively. This implies that the spectra will
also change linearly if the curvature and temperature change simultaneously. The analysis
above employed the dip1 and dip2 points as curvature and temperature detection points,
respectively. Consequently, the sensitivities of the two detection points can be combined to
yield a matrix equation, as illustrated in the subsequent equation:

1 1

AA| _ W(2: Wg AC (12)

Ay Wé Wz [AT
where W1, W2, W} and W2 are the sensitivities of temperature and curvature to dip1 and
dip2, and AA; and AA; are the values of wavelength drift at the two monitoring points. AC
and AT are the variation values of curvature and temperature, respectively. Equation (12)
can be converted into a computational expression as follows:
(13)

A/\lzw%-AT—IrWé-AC
Ady = W3- AT + WG - AC

The tests above demonstrate that the structure can monitor curvature in four directions.
The angles in question are 0°, 90°, 180° and 270°. In this instance, we will consider the 0°
curvature change as a case study for the simultaneous analysis of curvature and temperature
sensing. In the case of a 0° curvature change, the sensitivities of dip1 and dip2 to curvature
and temperature are known to be 100 pm/°C, 20.23 nm/ m~!, and 13 pm/°C, 240 pm/ m~1,
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respectively. The coefficients above can be employed to rectify Equation (13), thereby
yielding the following expression:

AT = 89.65AN; — 1.005A7; (14)

AC = 0.0544AN; — 0.4184A);

Equation (14) was utilized in the test to examine the sensing data and derive specific
values for the curvature and temperature parameter sensing processes. The method can
also be employed to simultaneously sense curvature and temperature for other angles.

We measured four sets of transmission spectra of the sensor under different conditions:
Q1[C=0°0.108 m~!, T=43°C], Q2 [C =0°:0216 m %, T =53 °C], Q3 [C =0°:0.324 m !,
T=63°C]and Q4 [C =0°:0.433 m !, T = 73 °C]. The transmission spectra of the sensors
were measured at a temperature of 33 °C with 0 m~! as the reference group. By comparing
the four sets of spectra with the reference group, the wavelength shifts for the different
cases can be derived. The derived values are shown in Tables 1 and 2. The sensor’s
measurement errors manifest as differences between the measured and actual values. The
lack of accuracy of the curvature shift is one of the reasons for this, in addition to the
resolution limitations of the spectra, which also lead to test results and affect the accuracy
of the data demodulation. In the following work, the sensor’s sensitivity can be further
improved to solve this problem.

Table 1. Simultaneous measurement of two parameters.

The Spectrum Datum of Actual

Measurement and Calculation Dip1 (nm) Dip2 (nm)

C=0°0m 1, T=33°C

E i t
R o 1386.28 1549.7
C=0°0.108m~ 1, T=43°C
Q1 Experiment 1392.12 1549.92
Calculation 1391.92 1549.86
C=0°0216m~1, T=53°C
Q» Experiment 1395.28 1550.06
Calculation 1394.96 1550.02
C=0°0.324m~1, T=63°C
Q3 Experiment 1397.76 1550.22
Calculation 1397.1 1550.16
C=0°0433m~1, T=73°C
Qq Experiment 1401.12 1550.40
Calculation 1400.06 1550.32

Table 2. Difference between experimental results and theoretical calculation results.

The Condition Datum of Calculation and

Actual Measurement AC AT
R actual 0 0
measured
actual 0.108 m~! 10°C
Q measured 0.116 m™! 11.5°C
actual 0216 m™1! 20 °C
Q measured 0231 m™! 21.7°C
actual 0.324m™1 30°C
Qs measured 0.337 m~1 31.2°C
04 actual 0.433m™! 40 °C

measured 0479 m~1  42.1°C
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3.4. Comparison with Other Sensors

In this experiment, we use a single-hole dual-core optical fiber to construct a non-
centrosymmetric optical fiber microstructure, which achieves higher curvature sensitivity
detection in four vertical directions with low temperature crosstalk. The performance
comparison of this sensor with existing sensors is shown in Table 3. The curvature sensors
constructed with single optical Bragg grating or special optical fibers have low sensitivity,
can only achieve one-dimensional curvature sensing, and have considerable temperature
crosstalk [24-27]. Special processing, over fusion and polishing of optical fibers can im-
prove the sensor’s sensitivity, but these methods are difficult to process and have poor
repeatability. Moreover, sensors relying on these methods can only achieve unidirectional
curvature sensing [28,29]. Two-dimensional curvature sensing has been accomplished in
the literature [30] by employing a femtosecond laser in a single-mode fiber cladding with
variable area sizes of refractive index modification. The significant disparity in curvature
sensitivity in different directions makes multi-angle curvature sensing impractical, and this
approach necessitates sophisticated and costly processing equipment. The authors of [17]
constructed a Vernier effect to improve curvature sensitivity by cascading biased core fiber
and double-edged hole fibers. Still, the sensitivity difference in different directions of this
structured sensor is obvious, and it cannot achieve two-dimensional curvature sensing,
and the temperature crosstalk is large. Compared with other structural sensors, the sensor
proposed in this paper has the advantages of simple fabrication, compact structure, higher
curvature sensitivity, and low-temperature crosstalk, and it can achieve two-dimensional
vector curvature detection in four directions. The maximum sensitivity in one direction is
—25.55 nm/m~!.

Table 3. Comparison of sensing performance of different sensors developed to date.

Survatere Qureature Detection. Temperaure P& Vemier Bifec
Tilted few-mode FBG [24] —2.67dB/m™! 4.883-7.625m ™! 5618 x 1074 m~1/°C NO NO
SME-PCF-SMF (air-holes) [25] 4.06 nm/m™1 0-2.91 m™1 1552 x 1073 m~1/°C YES NO
SMF-MMF-PCF-MMF-SMF [26]  —1.03 nm/m™! 10-22.4 m™! —5.85 x 1072m~1/°C YES NO
SME-DSHF-SMF [27] o 1 gfr‘lﬁ//f;ill 0-1m! o 1100,;21;151 /OOCC YES NO
Peanut-shaped structure [28] —2758 nm/m™! 0.299-0.733 m~1! —141 x103m~1/°C YES NO
SMEF-D-shaped Fiber-SMF [29] 87.7 nm/m™1 0-03m™! 9.806 x 10~*m~1/°C YES NO
0°: —14.25nm/m™! 1.72 x 1073 m~1/°C
Fs-written-CWG-SMF [30] ?gg;}&lé ;‘;‘;ﬂj 0-8 m-1 T 11(;33“; / /CC NO NO
270°: —1.013 nm/m™! —2424 x 103 m~1/°C
0°: 86.2 pm/m~! 0.6636 m~1/°C
SMF-ECF-DSHF-ECF- DSHEF [17] ?go 3_68%1% f;‘r:/mfl 0-4.75m"1 175(-)5‘569 419“; / f/co c NO YES
270°: —5.39 nm/m~! —10.61m~1/°C
0°:20.23 nm/m™! 49 x103m~1/°C
This work: hybrid FP/MZI 90°: 10.87 nm/m ! 0-0.865 m-1 92 x 103 m1/°C YES YES

structure

180°: —25.55 nm/m ! —39x%x103m-1/°C
270°: —6.425 nm/m ! —155%x102m~1/°C

MME: Multi-mode fiber, ECF: Eccentric-core fiber, and DSHF: Dual side-hole fiber.

3.5. Discussion

The experimental results show that the curvature sensor based on single-hole dual-
core optical fiber composite interference has lower temperature crosstalk, more compact
size, and higher curvature sensitivity in all four vertical monitoring directions than
the traditional structural curvature sensor. Conventional curvature sensors are usually
made by fusion bonding, polishing, and cone pulling, which have poor structural
robustness, are challenging to process, and are not easy to cascade other optical devices
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to build a Vernier effect. On the other hand, due to the single interference structure
of traditional curvature sensors, it is not easy to improve the curvature sensitivity
while maintaining a low-temperature crosstalk during the sensing process. In contrast,
the curvature sensor proposed in this paper avoids the complex fabrication process.
By constructing parallel FPI and MZI composite interferences within the optical fiber,
the size of the sensor structure is further reduced, providing a new method to build
a curvature and temperature sensor with a Vernier effect. During the measurement
process, a two-dimensional curvature sensing with low crosstalk and high sensitivity
is achieved by taking advantage of the different responsiveness of the microstructures
to curvature and temperature. In practical application scenarios, such as structural
health monitoring of buildings and bridges, curvature sensors’ sensitivity and low
crosstalk characteristics are highly required. In addition, the location of potential hazards
and the direction of deformation where safety occurs in buildings, bridges, and other
structures have uncertainties and must be monitored from multiple angles. Therefore,
the two-dimensional curvature sensor proposed in this paper has a specific potential for
application in structural health monitoring.

4. Conclusions

In summary, we present an experimental demonstration of a vector curvature
and temperature sensor based on a hybrid microstructure inside an optical fiber. The
proposed scheme enables the dimensions of the Fabry—Perot and Mach-Zehnder hybrid
interferometer to be adjusted for the formation of the Vernier effect by simply changing
the length of a single optical fiber. The sensor was fabricated using a fiber Bragg
grating (FBG), multimode fiber (MMF), and a single-hole dual-core fiber (SHDCEF).
The sensor has different sensitivities in four vertical directions, thus enabling two-
dimensional curvature sensing. The temperature and curvature sensitivities of the
sensors were improved to 100 pm/°C and —25.55 nm/m !, respectively, with a low-
temperature crosstalk of —3.9 x 1073 m~1/°C. Cascading the FBG reduces the detection
error due to the similarity of the sensitivities of the envelope interference slots. Hybrid
microstructures that produce the Vernier effect are used as sensing cells in the sensing
region. These sensors offer adaptable and flexible production processes with very
compact sensing structures. This hybrid microstructure sensor technology can be applied
to high-sensitivity two-dimensional vector curvature and temperature detection for
structural health monitoring of buildings, bridge engineering, and more.
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