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Abstract: In this paper, the field distribution and effective refractive index of transmission modes in
single-core six-hole optical fiber were researched by modeling and simulation experiments. Based on
the simulation results, a new type of sensor for axial strain, curvature, and temperature applications
measurement was designed and fabricated. The experimental results showed that the axial strain
sensitivities at different dips were —0.97 pm/pe and —1.05 pm/pe in the range from 0 to 2000 pe,
and the temperature sensitivities were 35.17 pm/°C and 47.27 pm/°C in the range from 25 to 75 °C.
In addition, the proposed sensor also detected the curvature change with sensitivities of 7.36 dB/m ™!
and 20.08 dB/m ! from —2.582 m~! to —1.826 m !, respectively. Finally, through theoretical analysis,
it can be deduced that this has potential application in the field of simultaneous measurement of
strain and temperature.
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1. Introduction

Compared to electronic sensors, optical sensors attracted the attention of researchers as
soon as they appeared because of their advantages of high sensitivity [1], compact size [2],
anti-electromagnetic interference [3], and low cost [4]. Among the optical sensors, the
optical fiber sensors are the most commonly used in various application scenarios because
optical fiber is not only the sensing element but also the main transmission unit in the whole
communication system [5]. Thus, the optical fiber sensors play an important role in many
physical parameter monitoring systems, such as axial strain and curvature measurement
in large buildings, marine structure health monitoring systems, and temperature and
curvature measurements in vital sign monitoring systems. Physical parameter sensors were
fabricated on single-mode fibers (SMFs) using a wide range of different types of schemes
during previous years. For instance, a taper structure fabricated by an oxyhydrogen
flame has been used for measuring axial strain and temperature; the miniature ultra-long
period fiber prating (LPFG) and fiber Bragg grating (FBG) were designed for simultaneous
measurement of axial strain and temperature [6,7]; and inline Fabry-Perot (FP) was designed
for simultaneous measurement of high temperature and strain [8]. Two micro-notches
were inscribed in SMF through effective CO, laser illumination for fabricating a bending
vector sensor [9]; the sensitivity to curvature change of a lateral offset splicing structure
was demonstrated by Zhang et al. [10].

However, the mechanical strength of the taper structure and micro-notch is very low
because it always is produced by a high-temperature process. Similarly, the inline FP
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also faces the same problem because of the air cavity in the fiber [11-13], and the cost of
the grating fabrication is very high. With the development of optical fiber preparation
technology, various micro-structural fibers(M-SF) have been developed for fabricating
new types of sensors to make up for the shortcomings of the sensors based on SMF.
For example, a highly sensitive fiber loop ringdown strain sensor was fabricated using
a photonic crystal fiber (PCF) interferometer [14], the Mach-Zehnder interferometer in
multicore fiber (MCF) was combined with a helical structure for highly sensitive strain
measurement [15], a refractive index and strain sensor were proposed based on twin-core
fiber (TCF) with a novel T-shaped taper [16], and hollow-core fiber (HCF) was tapered for
strain sensing [17]. Polymer optical fiber (POF) was designed and applied by a torque sensor
in 2018 [18]. Similarly, the mechanical strength of the micro-structure-based sensor is also
very low because of the collapsed region between the SMF and the M-SF [19]. In addition,
most of the M-SF-based sensors can only detect no more than two physical parameters.
Therefore, multi-parameter sensors with low cost, robust mechanical structures, and wide
measurement ranges have considerable research value.

Based on the demand, we designed an optical fiber sensor by using a new type of
special microstructure optical fiber and proved its feasibility by experiments. During the
process of the sensor design, we researched the mode field distribution of the single-core six-
hole microstructure optical fiber (SCSHF) by simulation calculations. It can be induced from
the results that an inline Mach-Zehnder interference (MZI) is formed if the fundamental
core mode (FCM) and the high-order cladding modes (H-OCM) are excited at the same time.
Then, the fabrication parameters of the sensor were designed by simulation and actual
experiments. The simple preparation process and low preparation cost make the sensor
suitable for quantity production. The sensing performance of the SCSHF sensor was also
researched. The strain sensitivities of the sensor at different dips were 0.97 pm/pe and 1.05
pm/ e from O to 2000 pe, respectively. The temperature sensitivities were 35.17 pm/°C
and 47.27 pm/°C from 25 to 75 °C, respectively. The curvature sensitivities were 7.36
dB/m~! and 20.08 dB/m ™! in the range from —2.582 m~! to —1.826 m~!, respectively.
Through theoretical analysis, it can be found that temperature and axial strain changes
can be monitored at the same time by calculating the offset of the sensor spectrum, which
means the temperature cross-sensitivity can be compensated.

2. Fabrication and Principles
2.1. Fabrication

The SCSHEF fiber was designed and fabricated by Yangtze Optical Electronic Co., Ltd.
(YOEC), which is an optical fiber design and manufacturing company in Wuhan, China.
The structure and cross-section of the SCSHF are shown in Figure 1. Different from the
SMEF, there are six air holes evenly distributed around the core in the cladding of the fiber,
which may help promote the sensing sensitivity. The radius of the core is ~4.6 um and the
radius of the six air holes is ~3.1 um. The air holes do not cause severe collapse during the
fusing process since the radius of the air holes is less than the radius of the cladding. Thus,
the air holes do not influence the mechanical strength of the sensor.

To understand the mode field distribution in optical fiber, simulation calculations
were conducted and the results are shown in Figure 2. Figure 2a is the FCM transmitted
in the SCSHF optical fiber and its effective refractive index (EFI) is 1.4476. The mode
field distribution of H-OCM is shown from Figure 2b—-d. Except that the fundamental
mode can propagate through the core, other high-order modes can only be transmitted
in the cladding region. Thus, if the FCM and H-OCM are excited at the same time and
then coupled together, an inline MZI is produced because of the phase difference between
them. If the external environment parameters fluctuate, the phase difference also changes,
resulting in the change in spectrum. Thus, the SCSHF may have a potential application
for sensing.
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Figure 2. Simulation results of transmission mode in SCSHEF; (a) FCM; (b—d) H-OCM.

According to the inline MZI theory, the sensor shown in Figure 3 was designed. Two
sections of multi-mode fiber (MMF) were fused between SMF and SCSHF. The MMF was
employed to enlarge the mode field for exciting the modes in the core and cladding to
make sure that enough modes participated in the interference. To find the proper length of
the MME, a simulation experiment based on SM structure was conducted and the results
are shown in Figure 4a,b. The dimension of the modeling is 2D because of the circular
symmetry of the SM structure. The simulation parameters are shown in the Table 1.

Figure 3. Structural diagram of the sensor based on SCSHF.
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Figure 4. (a) Optical field distribution in the SM structure; (b) relative value of light intensity in the
core of SMF and MMF.

Table 1. Simulation parameters of SM structure.

SMF MMF
Core diameter 9.2 um 105 pm
Cladding diameter 125 pm 125 um
EFI of core 1.4509 1.4509

EFI of cladding 1.444 1.444
Wavelength 1.55 um 1.55 um

The self-focusing effect occurs when the light travels from the SMF to the MMF. The
light is equally divided into two parts at point A, while the light is focused together at point
B. The blue line in Figure 4b is the relative value of the light intensity at the center point of
the fiber. The value is 0 at point A, while the value is 1 at point B. The length of point A
is about 550 um and the length of point B is 1100 um. Both points cannot simultaneously
excite modes in the core and cladding. Thus, the proper distance of the MMF may be from
350 um to 500 um. Taking into account the accuracy limitations of the fiber cleaver, the
final length of the MMF was designed as 400 pm.

The length of the SCSHF was determined by various experiments and the result is
shown in Figure 5. If the length of the SCSHF is too long, the excited cladding modes
will leak out, resulting in the contrast of interference fringes decreasing as the blue line in
Figure 5 shows. On the contrary, if the length of SCSHF is too short, there will be many
cladding modes participating in the MZI, which may result in a high-complexity spectrum
as the black line in Figure 5 shows. Then, the difficulty of the demodulation process will rise
accordingly. From Figure 5, it is obvious that the final spectrum of the sensor is close to the
spectrum of two-beam lights interference when 1 cm SCSHEF is fused between the MMFs.

Figure 6a is the simulation model of the SCSHF sensor built in the simulation soft
and the simulation tool is Beam PROP. The dimension of the modeling is 3D because the

structure of the SCSHF cannot be simplified. The simulation parameters are shown in
the Table 2.
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Figure 5. Transmitted spectra of the sensor with different lengths of SCSHF.
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Figure 6. (a) Simulation model of the SCSHF sensor; (b) Optical field distribution in the SCSHF
sensor; (c) Relative value of light intensity in the SCSHF sensor.

Table 2. Simulation parameters of SCSHF sensor.

SMF MMF SCSHF
Core diameter 9.2 um 105 pm 9.2 um
Cladding diameter 125 ym 125 ym 125 ym
EFI of core 1.4509 1.4509 1.4509
EFI of cladding 1.444 1.444 1.444
Distance between air hole and core - - 10 pm
Length 50 um 400 um 1cm
Wavelength 1.55 um 1.55 um 1.55 pm

Figure 6b shows the energy distribution of the light field in the SCSHF sensor. The
light power along the Z-axis shows an obvious alternating distribution of strength and
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weakness. The peak of the blue line in Figure 6¢ corresponds to the maximum interference
light intensity, while the dip corresponds to the minimum interference light intensity. The
simulation results indicate that the inline MZI is produced in the SCSH sensor, which is
consistent with theoretical analysis.

2.2. Principles

The red line in Figure 7 is the spectrum of the SCSHF sensor obtained from the
experiment. Four dips can be observed in the spectrum at wavelengths 1482.1, 1526.7,
1573.3, and 1614.7 nm, respectively. All of the four dips can be used for physical parameter
sensing.

Transmission(dB)

_ dip 4

o
L=
T

diP 1
1480 1520 1560 1600 1640
Wavelength(nm)

Figure 7. Spectrum of the SCSHF sensor.

When the input light is transmitted through the sensor, the light is divided into three
parts: the light transmitted in the fiber core, the light transmitted in the fiber cladding, and
the light leaked out of the sensor.

o2 = lp
B2 = &
y:=1

I, is the intensity of the FCM, I is the intensity of cladding mode, and I, is the
intensity of the leaking mode. «, 3, and y are the proportionality coefficients and the
relationship between them is o+ p2+y2=1.

For simplifying the interference modal, only the interference between the FCM and
one cladding mode is considered. Thus, the transmitted light intensity of the SCSHF sensor
Iout can be calculated by

Lout= Icot+Ia+2+v/Ieola @ 2

where Iyt is the intensity of the output light, and ¢ represents the phase difference between
the core and cladding mode, which is related to the effective refractive index of the mode
and the distance of mode coupling. The expression for ¢ is as follows:

n<r, _nclL
@ = 2m—eff CO)\ eff ~cl 3)

Here, ngf; and nglff are the EFI of the FCM and the cladding mode, respectively. L
and L are the distances of mode transmission.
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Iout achieves the maximum value Inax when @ equals 2mmt. Iyt achieves the mini-
mum value Imin when ¢ equals 2(m + 1)7, indicating a dip in the spectrum. Ag;, can be
calculated as:

Adip = 5 — ] (n Lo — nSiLar) (4)

The contrast of the interference fringe K can be expressed as:

K= Imax — Imin (5)

N Imax + Imin

Combining the Equations (1), (2), and (5), K can be calculated as:

2ap 2(3) ©

:(X2+[52 1+(%)2

On account of the elastic optical effect (EOE) [20], the EFI of the transmitted mode
changes with the fluctuation of the strain exerting on the sensor, resulting in the dip
wavelength shifting. The strain sensitivity induced by the length variation of the sensor is
several orders of magnitude smaller than that induced by the elastic optical effect, so it can
be ignored. Then, the strain-wavelength sensitivity can be expressed as:

1

dv. 2m+1\ dv

As for the temperature measurement, the wavelength shifting may result from the
thermos-optic effect and the thermal expansion effect [21]. The temperature wavelength
sensitivity can be expressed as:

dAg; 2 dncS dnl dL dL
drljp — T T ] ( eff LCO _ eff Lcl 4 (ng(f)f d;o _ ng}f C ) (8)

dT dT

When the sensor is bent, a part of the cladding light leaks into the air and becomes leak-
ing light, while the core light has no change. That is, & has no change but 3 becomes smaller.
According to Equation (6), the contrast of the interference fringe K also becomes smaller.

3. Experimental Results
3.1. Strain Sensing Experiment

Figure 8 shows the experimental devices used in the strain sensing experiment. The
input light is imported by a broadband light source (BBS). The output spectrum is recorded
by an optical spectrum analyzer (YOKOGAWA, Tokyo, Japan, AQ6070D). The sensor is
fixed on the 3-D moving platform and the distance Ly between the two platforms is 20 cm.
The distance can be adjusted by the micrometer with a fixed step of 0.01 mm. Thus, the
axial strain applied on the sensor can be changed by making Ly grow. The micro-strain
change from every move step can be calculated by Av = AL/Lg = 50 pe.

The different color lines in Figure 9a are the spectra from 0 pe to 2000 pe with the step
of 200 pe. From the illustration in Figure 9a, the transmitted spectrum shows an obvious
drift to short wavelength with the strain increasing. Figure 9b shows the linear fit curve
between the dip wavelength and the axial strain. The R-Squared values of the linear fit at
dip A and dip B are 0.99493 and 0.99774, respectively, meaning that the dip wavelength
offset is a linear function of the strain change. The strain-wavelength sensitivity of dip A is
—1.05 pm/pe and the strain-wavelength sensitivity of dip B is —0.97 pm/ e, which are
obtained from the line slope.
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Figure 8. Measurement system for strain sensing.
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Figure 9. (a) Transmitted spectra of the SCSHF sensor under different axial strains; (b) linear fitting
curve between dip wavelength and axial strain.

3.2. Curvature Sensing Experiment

The curvature sensing experiment is also conducted by the system in Figure 8. By
shortening the distance between the two clamps, the curvature added to the sensor is
changed. According to Figure 10, the curvature can be calculated by the following equation.

Lo Lo — AL
Rsin(| —= | = ———— 9
<2R> 2 ©)
Fay
S
foon
i’ . A"
R rf : \
i : \
) . A}
4 . k)
/ : \
' _ \
! . \
r . N
S Lo-al '
~ v Pl
~Ne -
Lo

Figure 10. Schematic diagram of curvature change of the sensor.

From Figure 11a, it can be seen that the contrast of the interference fringe becomes
smaller as the two fiber clamps get closer, which is consistent with the theoretical analysis in
Section 2.2. Figure 11b shows the linear fitting curves between dip intensity and curvature
at dip A and B; the R-Squared values of the linear fit at dip A and dip B are 0.98935
and 0.99072, respectively. From the slope of the fitting curve, it can be seen that the



Sensors 2022, 22, 1666

90f13

sensor responds linearly to the curvature change with sensitivities of 7.36 dB/m ™! and
20.08 dB/m ™! from —2.582 m~! to —1.826 m !, respectively.

-5
(a) g (b)—lf) Lo = dipA
— e dipB
-10F -18 ¢ the linear fit of dip A
™ a the linear fir of dip B
% -15 3'20 r
£ g »
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= dipA - soqrm! | & 26
30k  1924m! | gl y=20.08x+21.3
) - \ R3=0.99072
1.826 m L dip B 0l
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Figure 11. (a) Transmitted spectra of the SCSHF sensor under different curvatures; (b) linear fitting
curve between dip intensity and curvature.

3.3. Temperature Sensing Experiment

As shown in Figure 12, light source was also BBS and the spectrum monitoring
equipment was also OSA. A high-precision digitally controlled Thermo-Electric Cooler
(TEC, TLTP-TEC0510, Wuhan Talent Century Technology Co., Ltd, Wuhan, China) was used
as the heating source. To eliminate the cross-sensitivity of the surrounding environment,
the sensor was fixed on the 3D moving platform by two fiber claps to keep it at a horizontal

level. The role of the slide was to ensure a uniform temperature distribution around
the sensor.

—

Figure 12. Measurement system for temperature sensing.

For the temperature sensing experiment, the measurement range was from 25 °C to
75 °C by the fixed step of 5 °C and the optical spectra under different temperatures are
shown in Figure 13a. Each spectrum was recorded 15 min after adjusting the temperature
of TEC to stabilize the temperature. It is easy to find that the optical spectrum is red-shifted
with increasing temperature. To further understand the SCSHF fiber sensor’s response
characteristics to temperature, a linear fitting is conducted on the dip wavelength of A and
B and the result is in Figure 13b. The sensitivity at different dips can be obtained from the
slope of the fitting line. The R-Squared values of the linear fitting line at dip A and B are
0.99779 and 0.9948, respectively. Therefore, it can be concluded that the sensor responds
linearly to temperature with a sensitivity of 37.82 pm/°C and 28 pm/°C from 25 to 75 °C.
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Figure 13. (a) Transmitted spectra of the SCSHF sensor under different temperatures; (b) linear fiting
curve between dip wavelength and temperature.

3.4. Theoretical Analysis of Simultaneous Measurement

From the above results and discussion, it can be concluded that the dip wavelength of
the SCSHF responds linearly to external temperature and microstrain while the intensity of
the interference dip responds linearly to the curvature. Thus, the dip wavelength will also
shift linearly if the temperature and strain in the environment around the sensor change
at the same time. The amount of wavelength shift can be calculated by the following
equation [22]:

AAp= Sk * AT 4 S% * AvAAg= SL % AT + S * Av (10)

where Av is the amount of strain change, AT is the amount of temperature change, S}
and Sy are the strain-wavelength sensitivities of dip A and B, and S} and S[ are the
temperature-wavelength sensitivities of dip A and dip B.

Equation (10) can be transformed into a matrix form as:

AAp Sk Sk |[ AT
Since the sensitivity of different cladding modes to the surrounding environment

is quite different, there will be a sensitivity deviation between different dips. Then, the
amount of temperature and strain changes can be obtained by matrix transformation.

[AT}:{SX SX] !
Av SL Sy

As for simultaneous measurement of curvature and temperature, the proposed sensor
cannot finish this work because there will be cross-talk between the dip wavelength and
intensity. However, the proposed sensor can be used in an acoustics sensing system, which
can ignore the temperature change. For example, the sensor can be attached to the diameter
position of a PET film. Then, the acoustic field information can be modulated to the

curvature change of the SCSHF sensor by the vibration of the PET film. Finally, the acoustic
field information can be demodulated by the system proposed in [23].

AAa

Mg (12)

4. Discussion

Table 3 provides a comparison between SCSHF sensors with other optical fiber sensors
on sensing performance. The main points of comparison are strain sensitivity, temperature
sensitivity, curvature sensitivity, and temperature cross-sensitivity. From the table, it can be
summarized that the proposed SCSHF sensor can detect three physical parameters with
high sensitivities while the other sensors can only detect at most two parameters. Besides,
the designed sensor can eliminate the temperature cross-sensitivity when it is used for
simultaneous measurement of axial strain and temperature. The raw material for sensor
fabrication is not expensive and the fabrication process is much easier than other sensors,
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which is in favor of mass production. The size of the proposed sensor is only 20 mm,
which is useful for application in a miniaturization system. All the advantages above make
the sensor have considerable potential for use in the health monitoring system of large
architecture and many other fields.

Table 3. Comparison with other optical fiber sensors.

Strain Temperature Curvature Temperature
Structure Sensitivity Sensitivity Sensitivity Cross Reference
(pm/pe) (pm/°C) (dB/m~1) Sensitivity
FBG-MMF 0.12 9 low [24]
TCEF-TFBG 0.67 33 low [25]
TC-PCF 0.31 6.68 low [26]
HCPCF —0.81 - high [27]
FMF-FBG 0.91 11.5 low [28]
7CF-FBG 12 —7.28 [29]
SMF-PCF 8.35 low [30]
Taper-FBG 10 0.1196 [31]
SCSHF —1.05 37.82 20.08 low This work

5. Conclusions

In summary, we designed a new type of optical fiber sensor based on SCSHEF. The
fabrication parameters were obtained from the simulation experiments. Then, test systems
were built to study its sensing responses to axial strain, curvature, and temperature. The
sensor responds linearly to strain with a sensitivity of —0.97 pm/pe and —1.05 pm/pe from
0 to 2000 pe. The temperature sensitivities of 37.82 pm/°C and 28 pm/°C from 25 to 75 °C
and the curvature sensitivities of 7.36 dB/m™~! and 20.08 dB/m~! from —2.582 m~! to
—1.826 m~1, respectively, were also obtained. Additionally, the sensor has the ability to
eliminate temperature cross-sensitivity through mathematical calculations when the axial
strain and temperature change at the same time. Compared to other types of strain sensors,
the SCSHF sensor has some good points such as low cost, small size, and high sensitivity,
giving it broad application prospects in engineering, medical, and many other fields.

Author Contributions: Conceptualization, Y.L.; software, Y.L. and PL,; validation, Y.L.; formal analy-
sis, Y.L.; investigation, Y.L.; data curation, Y.L.; writing—original draft preparation, Y.L.; writing—
review and editing, Y.L., C.Y. and P.L.; visualization, Y.L.; supervision, C.Y. and P.L.; project admin-
istration, C.Y. and P.L.; funding acquisition, C.Y. and P.L. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by Guangdong Provincial Pearl River Talents Program
(N0.2017BT01X121); Research Grants Council, University Grants Committee (No. GRF 15211317); Na-
tional Natural Science Foundation of China (No.61775070); NSFC-RS Exchange Program
(N0.62111530153) and the Royal Society International Exchanges 2020 Cost Share (NSFC) of the
United Kingdom (No. IEC\NSFC\201015).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to.

Acknowledgments: The authors thank the technical support of Yangtze Optical Electronic Co., Ltd.
(YOEQ).

Conflicts of Interest: The authors declare no conflict of interest.



Sensors 2022, 22, 1666 12 of 13

References

1.  Tang, J.L.; Wang, ].N. Chemical sensing sensitivity of long-period grating sensor enhanced by colloidal gold nanoparticles. Sensors
2008, 8, 171-184. [CrossRef] [PubMed]

2. Campanella, C.E.; Giorgini, A.; Avino, S.; Malara, P.; Zullo, R.; Gagliardi, G.; De, N.P. Localized strain sensing with fiber
Bragg-grating ring cavities. Opt. Express 2013, 21, 29435-29441. [CrossRef] [PubMed]

3. Lim, ]J.H,;Jang, H.S,; Lee, K.S.; Kim, J.C.; Lee, B.H. Mach-Zehnder interferometer formed in a photonic crystal fiber based on a
pair of long-period fiber gratings. Opt. Lett. 2004, 29, 346-348. [CrossRef] [PubMed]

4. Villatoro, J.; Finazzi, V.; Minkovich, V.P.,; Pruneri, V.; Badenes, G. Temperature-insensitive photonic crystal fiber interferometer for
absolute strain sensing. Appl. Phys. Lett. 2007, 91, 091109. [CrossRef]

5. Chen, G.; Liu, L.; Jia, H; Yu, J.; Lei, X.; Wang, W. Simultaneous strain and temperature measurements with fiber Bragg grating
written in novel Hi-Bi optical fiber. IEEE Photon. Technol. Lett. 2004, 16, 221-223. [CrossRef]

6. Zhang, S.; Deng, S.; Geng, T; Sun, C.; Niu, H,; Li, X.; Wang, Z.; Li, X.; Ma, Y.; Yang, W.; et al. A miniature ultra-long period fiber
grating for simultaneous measurement of axial strain and temperature. Opt. Laser Technol. 2020, 126, 106121. [CrossRef]

7. Song, M.L; Yin, S.; Ruffin, P.B. Fiber Bragg grating strain sensor demodulation with quadrature sampling of a Mach-Zehnder
interferometer. Appl. Opt. 2000, 39, 1106-1111. [CrossRef]

8. Xia, P; Tan, Y.; Yang, C.; Zhou, Z; Yun, K. A Composite Fabry-Perot Interferometric Sensor with the Dual-Cavity Structure for
Simultaneous Measurement of High Temperature and Strain. Sensors 2021, 21, 4989. [CrossRef]

9. Liu, Y; Liu, B,; Miao, Y.; Zhang, H.; Liu, ]. Effect of bending and orientation on the fiber modal Mach-Zehnder interferometer.
Microwave Opt. Technol. Lett. 2011, 54, 136-139. [CrossRef]

10. Zhang, J.; Zhang, W.; Zhang, Y.; Wang, B.; Xue, Y.; Yan, T.; Chen, L.; Wang, L. Bending vector sensor based on Mach-Zehnder
interferometer using S type fibre taper and lateral-offset. J. Mod. Opt. 2016, 63, 2146-2150. [CrossRef]

11.  Broadway, C.; Min, R.; Leal-Junior, A.G.; Marques, C.; Caucheteur, C. Toward commercial polymer fiber Bragg grating sensors:
Review and applications. . Lightwave Technol. 2019, 37, 2605-2615. [CrossRef]

12.  Yao, K,; Lin, Q.; Jiang, Z.; Zhao, N.; Peng, G.-D.; Tian, B.; Jia, W.; Yang, P. Design and Analysis of a Combined Strain—Vibration—
Temperature Sensor with Two Fiber Bragg Gratings and a Trapezoidal Beam. Sensors 2019, 19, 3571. [CrossRef] [PubMed]

13. Li, R; Chen, Y,; Tan, Y.; Zhou, Z,; Li, T.; Mao, ]J. Sensitivity Enhancement of FBG-Based Strain Sensor. Sensors 2018, 18, 1607.
[CrossRef]

14.  Zhou, W.; Wong, W.C.; Chan, C.C.; Shao, L.-Y.; Dong, X. Highly sensitive fiber loop ringdown strain sensor using photonic crystal
fiber interferometer. Appl. Opt. 2011, 50, 3087-3092. [CrossRef]

15. Dong, X.; Du, H; Sun, X.; Luo, Z.; Duan, J.A. A novel strain sensor with large measurement range based on all fiber mach-zehnder
interferometer. Sensors 2018, 18, 1549. [CrossRef]

16. Zhang, H.; Wu, Z.; Shum, P; Din, X.; Low, C.; Xu, Z.; Wang, R.; Shao, X.; Fu, S.; Tong, W.; et al. Highly sensitive strain sensor
based on helical structure combined with Mach-Zehnder interferometer in multicore fiber. Sci. Rep. 2017, 7, 46633. [CrossRef]
[PubMed]

17.  Zhang, C.; Ning, T.; Li, J.; Zheng, J.; Gao, X.; Pei, L. Refractive index and strain sensor based on twin-core fiber with a novel
T-shaped taper. Opt. Fiber Technol. 2018, 102, 12-16. [CrossRef]

18. Leal-Junior, A.G,; Frizera, A.; Marques, C.; Sanchez, M.R.A; Santos, W.M.d.; Siqueira, A.A.G.; Segatto, M.V.; Pontes, M.].; Pontes,
M.]. Polymer Optical Fiber for Angle and Torque Measurements of a Series Elastic Actuator’s Spring. . Lightwave Technol. 2018,
36, 1698-1705. [CrossRef]

19. Dong, L.; Gang, T,; Bian, C.; Tong, R.; Wang, J.; Hu, M. A high sensitivity optical fiber strain sensor based on hollow core tapering.
Opt. Fiber Technol. 2020, 56, 102179. [CrossRef]

20. Liu, S.; Yang, K;; Wang, Y,; Qu, J.; Liao, C.; He, J.; Li, Z.; Yin, G.; Sun, B.; Zhou, J. High-sensitivity strain sensor based on an in-fiber
rectangular air bubble. Sci. Rep. 2015, 5, 1-7. [CrossRef]

21. Fan, R; Li, L; Zhuo, Y;; Lv, X;; Ren, Z.; Shen, J.; Peng, B. Practical research on photonic crystal fiber micro-strain sensor. Opt. Fiber
Technol. 2019, 52, 101959. [CrossRef]

22. Leal-Junior, A.; Frizera, A.; Marques, C.; Pontes, M.]. Polymer-optical-fiber-based sensor system for simultaneous measurement
of angle and temperature. Appl. Opt. 2018, 57, 1717-1723. [CrossRef] [PubMed]

23. Ni, W, Lu, P; Fu, X;; Wang, S.; Sun, Y.; Liu, D.; Zhang, J. Highly Sensitive Optical Fiber Curvature and Acoustic Sensor Based on
Thin Core Ultralong Period Fiber Grating. IEEE Photonics J. 2017, 9, 1-9. [CrossRef]

24. Liu, Z,; Shen, C.; Xiao, Y.; Gong, J.; Wang, Y.; Lang, T.; Zhang, Y.; Xu, W.; Jing, Z.; Jin, Y,; et al. Sensitivity-Enhanced Strain Sensor
Based on Thin-Core Fiber Modal Interferometer Interacted With Tilted Fiber Bragg Grating. IEEE Sens. J. 2019, 19, 1802-1806.
[CrossRef]

25. Qureshi, KK.; Liu, Z.; Tam, H.w.; Zia, ML.F. A strain sensor based on in-line fiber Mach-Zehnder interferometer in twin-core
photonic crystal fiber. Opt. Commun. 2013, 309, 68-70. [CrossRef]

26. Jasim, A.A.; Hayashi, N.; Harun, S.W.; Ahmad, H.; Penny, R.; Mizuno, Y.; Nakamura, K. Refractive index and strain sensing using
inline Mach—Zehnder interferometer comprising perfluorinated graded-index plastic optical fiber. Sens. Actuator A Phys. 2014,
219, 94-99. [CrossRef]

27. Yang, H.Z.; Qiao, X.G.; Wang, Y.P.; Ali, M.M.; Lai, M.H.; Lim, K.S.; Ahmad, H. In-fiber gratings for simultaneous monitoring

temperature and strain in ultrahigh temperature. IEEE Photon. Technol. Lett. 2014, 27, 58-61. [CrossRef]


http://doi.org/10.3390/s8010171
http://www.ncbi.nlm.nih.gov/pubmed/27879701
http://doi.org/10.1364/OE.21.029435
http://www.ncbi.nlm.nih.gov/pubmed/24514497
http://doi.org/10.1364/OL.29.000346
http://www.ncbi.nlm.nih.gov/pubmed/14971748
http://doi.org/10.1063/1.2775326
http://doi.org/10.1109/LPT.2003.820117
http://doi.org/10.1016/j.optlastec.2020.106121
http://doi.org/10.1364/AO.39.001106
http://doi.org/10.3390/s21154989
http://doi.org/10.1002/mop.26471
http://doi.org/10.1080/09500340.2016.1185177
http://doi.org/10.1109/JLT.2018.2885957
http://doi.org/10.3390/s19163571
http://www.ncbi.nlm.nih.gov/pubmed/31426308
http://doi.org/10.3390/s18051607
http://doi.org/10.1364/AO.50.003087
http://doi.org/10.3390/s18051549
http://doi.org/10.1038/srep46633
http://www.ncbi.nlm.nih.gov/pubmed/28418041
http://doi.org/10.1016/j.optlastec.2017.12.015
http://doi.org/10.1109/JLT.2017.2789192
http://doi.org/10.1016/j.yofte.2020.102179
http://doi.org/10.1038/srep07624
http://doi.org/10.1016/j.yofte.2019.101959
http://doi.org/10.1364/AO.57.001717
http://www.ncbi.nlm.nih.gov/pubmed/29522025
http://doi.org/10.1109/JPHOT.2017.2665705
http://doi.org/10.1109/JSEN.2018.2883972
http://doi.org/10.1016/j.optcom.2013.06.057
http://doi.org/10.1016/j.sna.2014.07.018
http://doi.org/10.1109/LPT.2014.2361768

Sensors 2022, 22, 1666 13 of 13

28. Huang, T,; Fu, S.; Ke, C.; Shum, PP; Liu, D. Characterization of fiber Bragg grating inscribed in few-mode silica-germanate fiber.
IEEE Photonics Technol. Lett. 2014, 26, 1908-1911. [CrossRef]

29. Zhang, Y,; Zhang, W.; Zhang, Y.; Wang, S.; Yu, L.; Yan, Y. Simultaneous measurement of curvature and temperature based on LP
11 mode Bragg grating in seven-core fiber. Meas. Sci. Technol. 2017, 28, 055101. [CrossRef]

30. Ni, K, Li, T.; Hu, L,; Qian, W.; Zhang, Q.; Jin, S. Temperature-independent curvature sensor based on tapered photonic crystal
fiber interferometer. Opt. Commun. 2014, 24, 5148-5150. [CrossRef]

31. Cui, W,; Si, ]J.; Chen, T.; Hou, X. Compact bending sensor based on a fiber Bragg grating in an abrupt biconical taper. Opt. Express
2015, 23, 11031-11036. [CrossRef] [PubMed]


http://doi.org/10.1109/LPT.2014.2341672
http://doi.org/10.1088/1361-6501/aa609f
http://doi.org/10.1016/j.optcom.2012.08.037
http://doi.org/10.1364/OE.23.011031
http://www.ncbi.nlm.nih.gov/pubmed/25969198

	Introduction 
	Fabrication and Principles 
	Fabrication 
	Principles 

	Experimental Results 
	Strain Sensing Experiment 
	Curvature Sensing Experiment 
	Temperature Sensing Experiment 
	Theoretical Analysis of Simultaneous Measurement 

	Discussion 
	Conclusions 
	References

