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A grapefruit microstructure fiber temperature sensor
coated with liquid crystal based on waist-enlarged taper’
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In this paper, a grapefruit microstructure fiber (GMF) temperature sensor coated with liquid crystal (LC) based on
waist-enlarged taper is proposed and fabricated, and its temperature sensing characteristics are analyzed. The
waist-enlarged taper is formed at the fusion point between single mode fiber (SMF) and GMF. The capillary glass tube
is sleeved outside GMF, LC is filled into the capillary glass tube, and its two ends are finally sealed to form a sensor.
The experimental results show that when the length of GMF is 2.5 cm, the temperature sensitivity of the sensor can
reach up to 195.3 pm/°C in the range of 30—90 °C, and it has a good stability for reuse. Thereby, it can be used in

biochemical, industrial production and other temperature detection areas.
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Compared with traditional temperature sensors, optical
fiber temperature sensors have many advantages, such as
small size!'!, strong electromagnetic interference resis-
tance!”, high sensitivity™™, etc. In recent years, micro-
structure fibers have been used in high temperature!),
humidity®™ and torsion measurement'®. Domestic and
foreign scholars change the transmission mechanism of
microstructure fibers by filling sensitive materials, and
realize temperature sensors by combining the character-
istics of liquid crystal (LC)!") that is sensitive to tem-
perature environments. For example, HUANG et al'®
proposed an LC filled side hole fiber temperature sensor,
which has a temperature sensitivity of —1.36 nm/°C in
the range of 22—27 °C. HU et al® proposed a fiber tip
temperature sensor based on cholesteric LC. The tem-
perature sensitivity is 9.167 nm/°C in 23—29 °C. LIN et
al'” proposed an LC filled hollow core fiber temperature
sensor. The temperature sensitivity can reach
—1.041 nm/°C in 20—30 °C. It can be seen from the
above that when the external temperature changes, the
refractive index of LC will also change accordingly, and
the temperature detection can be realized. Therefore, this
paper proposes a grapefruit microstructure fiber (GMF)
temperature sensor coated with LC Dbased on
waist-enlarged taper, and analyzes its temperature sens-
ing characteristics. During the preparation of the sensor,
the waist-enlarged taper is formed between the fusion

point of single mode fiber (SMF) and GMF. Then we
sleeve the capillary glass tube outside the GMF, and fill
the LC into the capillary glass tube, and finally seal its
two ends with AB glue. The SMF has a core diameter of
9 um and a cladding diameter of 125 pm. There are six
grapefruit air holes near the core in the GMF. The pro-
posed GMF sensor is shown in Fig.1. The parameters of
GMF are shown in Tab.1.
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Fig.1 (a) Cross section of GMF; (b) Structure of the
proposed GMF sensor

*  This work has been supported by the Science and Technology Project of Hebei Education Department (No.ZD2022108), the Natural Science
Foundation of Hebei Province (No.F2021203102), and the Post-graduate’s Innovation Fund Project of Hebei Province (No.CXZZSS2022118).

**  E-mail: fuxinghu@ysu.edu.cn



WANG et al.

Tab.1 Structural parameters of GMF

Structure Radius (um)  Refractive index
Core (a) 10.0 1.473
Inner cladding (b) 18.0 1.457
Air hole (¢) 345 1.000
Outer cladding (d) 62.5 1.457

In Fig.1(b), the laser emitted by the light source passes
through the SMF and is transmitted forward in its core in
the basic mode. When the laser is transmitted to the fu-
sion point between SMF1 and GMF, it will be divided
into two paths. One path of laser will enter the core of
GMF and continue to transmit as the core mode. The
other path of laser will enter the cladding of GMF and be
transmitted forward as the cladding mode in the cladding
of GMF. However, the refractive index of the core and
cladding of GMF is different, so the laser in the core and
cladding will have optical path difference. When the two
beams are transmitted to the fusion point between GMF
and SMF2, they will be coupled into SMF2, and the two
beams will interfere to form a Mach-Zehnder interfer-
ometer. At this time, the interference light intensity!"") of
the mode can be expressed as

I(A)=1,+1,+2\I1, cosg, (1)

where [, and I, are the intensities of transmitted light in
the core and cladding of GMF, respectively. ¢ is the
phase difference formed by two beams, which can be
expressed as

2n(n;ff — g )L 2nAn . L @)
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where Angg is the difference of effective refractive index

between core mode and cladding mode of GMF. n;
and n, are the effective refractive indexes of the core
mode and cladding mode. L is the length of GMF. 1 is the
wavelength of transmitted light in GMF. 4, is the wave-
length of the mth interference fringe, namely

A= AneffL 3)
m

When the temperature rises, Aneg; will change accord-
ingly. The thermal optical coefficient has a great influ-
ence on the Angy which is 6.45x10°%°C. At the same
time, GMF has thermal expansion effect, which will
change the length of GMF. The thermal expansion coef-
ficient is 5.5x107/°C. Because the thermal expansion
coefficient is far less than the thermal optical coefficient,
the effect of the former on the transmission spectrum is
very small, and the change of GMF length can be ig-
nored here. The wavelength shift of the mth order inter-
ference fringe in spectrum can be expressed as
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where A4, is the wavelength shift of the transmission
spectrum with temperature change. An is the change of
Angy with temperature change. When the temperature
increases, the ordinary light refractive index of the LC
increases continuously, and the An is positive, the spec-
trum will shift to the long wave direction, that is, red
shift. Therefore, it is possible to detect the AJ,, to realize
temperature detection.

The prepared sensor is used for temperature character-
istic detection. The experimental device consists of
broadband light source (ASE, wavelength range of
1 520—1 610 nm, output power of 50 mW), optical
spectral analyzer (OSA, AQ6375) and temperature con-
troller (WHL-30B, resolution of 0.1 °C). The experi-
mental setup for temperature measurement is shown in
Fig.2.

Temperature controller

Fig.2 Experimental setup for temperature measure-
ment

In experiment, the temperature range is set to
30—90 °C, and the transmission spectrum is recorded
once every 10 °C rise. The GMF length is 2.5 cm, and
the two ends of the GMF are connected with the SMF by
secondary discharge to form a waist-enlarged taper, and
its temperature sensing characteristics are analyzed. The
transmission spectral shifts with the increase of tem-
perature are shown in Fig.3.
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Fig.3 Transmission spectral shifts with the increase of
temperature

It can be seen from Fig.3 that the transmission spec-
trum shifts to the long wave direction when the tempera-
ture rises from 30 °C to 90 °C. In order to analyze the
relationship between wavelength shift and temperature,
Dip 1, Dip 2, Dip 3 and Dip 4 are selected for analysis.
The linear fitting results are shown in Fig.4.
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Fig.4 Linear fitting results: (a) Dip 1; (b) Dip 2; (c) Dip
3; (d) Dip 4

It can be seen from Fig.4 that in the temperature range
of 30—90 °C, the shifts of Dip 1, Dip 2, Dip 3 and Dip 4
are 11.01 nm, 6.59 nm, 12.23 nm and 11.48 nm, respec-
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tively. So it can be calculated that the temperature sensi-
tivity is 176.9 pm/°C, 113.8 pm/°C, 195.3 pm/°C and
192.9 pm/°C, respectively. Therefore, the temperature
sensitivity of this sensor can reach up to 195.3 pm/°C.
According to the temperature characteristic of LC, the
refractive index of LC increases with the increasing
temperature. At the same time, GMF has a thermo opti-
cal effect, which makes An a positive value. Therefore,
when the temperature rises from 30 °C to 90 °C, the
transmission spectrum moves to the long wave direction.

The finite element method is used to simulate the
mode of GMF. The simulation results are shown in Fig.5
and the effective refractive index corresponding to each
mode is shown in Tab.2.
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Fig.5 Simulation of transmission modes for GMF: (a)
LPo1; (b) LP11; (c) LP21; (d) LPo2; (e) LP12; (f) LP31; (9)
LP4; (h) LPs4

Tab.2 Effective refractive index corresponding to each
mode

Mode Refractive index
LPy; 1.472 0
LPy; 1.470 6
LP,; 1.468 7
LPy, 1.468 0
LP;, 1.4650
LP3; 1.462 3
LPy; 1.456 3
LPs; 1.456 0

The difference of effective refractive index between
core mode and cladding mode of GMF can be obtained
by

12
An, = (’ZTO, 5

where ¢ is the peak x-coordinate in Fig.6, 4y is the wave-
length of the incoming light and L is the length of the
sensor. Based on the simulation results and Eq.(5), the
transmission mode participating in the interference can
be obtained. The fast Fourier transform (FFT) of trans-
mission spectrum is shown in Fig.6, and it can be seen
that there are five high-order mode transmissions.
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In order to test the stability of the sensor, we repeated

the experiment on the sensor one week later and compared It can be seen from Flg',7 that. the comparison results
it with the first experiment results, as shown in Fig.7 of two experiments have little difference, so the sensor
’ has good stability. Three repetitive experiments are per-
m—0.176 9x+1 521.734 3 formed, and the results are shown in Fig.8§.
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Fig.8 Repetitive experimental results: (a) Dip 1; (b) Dip
2; (c) Dip 3; (d) Dip 4

From Fig.§, it can be seen that the sensitivity and line-
arity of the sensor have not significantly changed, so the
prepared sensor has good stability. The comparison be-
tween the sensitivity of the proposed sensor and other
types of sensors is shown in Tab.3. We can see that the
sensor presented in this paper has high temperature sen-
sitivity.

Tab.3 Comparison of the performance for different
sensors

Temperature sensitivity

Sensor (Pm°C) Range (°C)
Ref.[12] 34.82 22—85
Ref.[13] 80.2 20—80
Ref.[14] 116 20—140
Ref.[15] 19.457 0—60
This paper 1953 30—90

This paper mainly studies the temperature sensing
characteristics of the LC coated GMF temperature sensor
based on waist-enlarged taper. In the range of
30—90 °C, the temperature sensing characteristics of the
sensor are studied. When the length of GMF is 2.5 cm,
the temperature sensitivity can reach up to 195.3 pm/°C.
The sensor can be used in biochemical, industrial pro-
duction and other temperature detection areas.

Ethics declarations

Conflicts of interest
The authors declare no conflict of interest.
References

[1] GUO J Q, ZHOU M, LU Y L, et al. A tempera-
ture-insensitive polarization filter and a neotype sensor
based on a hybrid-circular-hole microstructured optical
fiber[J]. Optoelectronics letters, 2018, 14(4): 280-285.

[10]

[11]

[13]

Optoelectron. Lett. Vol.20 No.3

MCCARY K M, WILSON B A, BIRRI A, et al. Re-
sponse of distributed fiber optic temperature sensors to
high-temperature step transients[J]. IEEE sensors jour-
nal, 2018, 18(21): 8755-8761.

LIU SH, ZHANG HL, LI T L, et al. Liquid core fiber
interferometer for simultaneous measurement of refrac-
tive index and temperature[J]. IEEE photonics technol-
ogy letters, 2019, 31(2): 189-192.

LIN QJ, ZHAO N, YAO K, et al. Ordinary optical fiber
sensor for ultra-high temperature measurement based on
infrared radiation[J]. Sensors, 2018, 18(11): 4071.
MORAIS J R W F, GIRALDI M T M R. Comparative
performance analysis of relative humidity sensor based
on intermodal interference using tapered square no-core
optical fiber and tapered cylindrical optical fiber[J]. Op-
tical and quantum electronics, 2019, 51(9): 288.

WANG S Y, MAY W, LI X A, et al. Highly sensitive
torsion sensor based on triangular-prism-shaped
long-period fiber gratings[J]. Chinese optics letters,
2021, 19(4): 041202.

LV L, REN G J, LIU B, et al. Temperature influence on
propagation characteristics of liquid crystal photonic
crystal fiber of terahertz wave[J]. Journal of optoelec-
tronics and advanced materials, 2011, 13(7): 755-759.
HUANG Y J, WANG Y, MAO C, et al. Li-
quid-crystal-filled side-hole fiber for high-sensitivity
temperature and electric filed measurement[J]. Micro-
machines, 2019, 10(11): 761.

HUJY, ZHOU D, SU Y M, et al. Fiber micro-tip tem-
perature sensor based on cholesteric liquid crystal[J].
Optics letters, 2020, 45(18): 5209-5212.

LIN W H, ZHOU S J, LIU Y B, et al. Liquid crys-
tal-embedded hollow core fiber temperature sensor in
fiber ring laser[J]. Applied sciences, 2021, 11(15):
7103.

FU X H, LI D S, ZHANG Y X, et al. High sensitivity
refractive index sensor based on cascaded core-offset
splicing  NCF-HCF-NCF structure[J]. Optical fiber
technology, 2022, 68: 102791.

OLIVEIRA R, OSORIO J H, ARISTIDES 8§, et al. Si-
multaneous measurement of strain, temperature and re-
fractive index based on multimode interference, fiber
tapering and fiber Bragg gratings[J]. Measurement sci-
ence and technology, 2016, 27(7): 075107.

LIU H, TAN C, ZHU C H, et al. Multi-parameters
measurement based on cascaded Bragg gratings in
magnetic fluid-infiltrated photonic crystal fibre[J].
Journal of modern optics, 2017, 64(8): 887-894.

CAO X B, TIAN D D, LIU Y Q, et al. Sensing charac-
teristics of helical long-period gratings written in the
double-clad fiber by CO, laser[J]. IEEE sensor journal,
2018, 18(8): 7481-7485.

LI C,NING T G, LI J, et al. Simultaneous measurement
of refractive index, strain, and temperature based on a
four-core fiber combined with a fiber Bragg grating[J].
Optics & laser technology, 2017, 90: 179-184.



