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Preparation and sensing characteristics of long-period fiber

gratings based on periodic microchannels

SUN Cai, LI Yuan-jun, YANG He-er, PAN Xue-peng, LIU Shan-ren,
WANG Bo, GAO Meng-meng, GUO Qi, YU Yong-sen”

(State Key Laboratory of Integrated Optoelectronics, College of Electronic Science and Engineering,
Jilin University, Changchun 130012, China)
* Corresponding author, E-mail: yuys@jlu.edu.cn

Abstract: Long-period fiber gratings have the advantages of small size, corrosion resistance, anti-electro-
magnetic interference, and high sensitivity, making them widely used in biomedicine, the power industry, and
aerospace. This paper develops a long-period fiber grating sensor based on periodic microchannels. First, a
series of linear structures were etched in the cladding of a single-mode fiber by femtosecond laser microma-
chining. Then, the laser-modified region was selectively eroded by selective chemical etching to obtain the
periodic microchannel structure. Finally, the channels were filled with polydimethylsiloxane (PDMS) to im-
prove the spectral quality. The experimental results show that the sensor has good sensitivity in the measure-
ment of various parameters such as temperature, stress, refractive index (RI), and bending. It has a temperat-
ure sensitivity of —55.19 pm/°C, a strain sensitivity of —3.19 pm/pe, a maximum refractive index sensitivity of
540.28 nm/RIU, and a bending sensitivity of 2.65 dB/m™". All of the measurement parameters show good lin-

ear responses. The sensor has strong application prospects in the field of precision measurement and sensing.
Key words: long-period fiber gratings; femtosecond laser micromachining; fiber sensors
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1 Introduction

Long-period fiber gratings (LPFGs) have long
played an important role in such fields as high-tem-
perature sensing and distributed sensing!?. Com-
pared with fiber Bragg gratings, the resonance peaks
of LPFGs are more sensitive to different external
environments. LPFGs have the advantages of ma-
ture fabrication techniques, immunity to electromag-
netic interference, and high sensitivity. Therefore,

they have been widely applied in strain®®*, temperat-
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1 bending®, refractive index (RDP', torsi-

12-13

ure!
on"*"1and virus!"Y sensing. There are many meth-
ods for fabricating LPFGs. The most commonly
used of these methods are femtosecond laser in-

[2.15

scription>", ultraviolet exposure!'® , and CO, laser

irradiation!”'®

1. Femtosecond laser inscription has a
robust anti-aging capability and large resonance
wavelength depth.

In recent decades, the LPFGs with microchan-
nel™” and micropore®” structures obtained by fem-
tosecond laser inscription have been developed rap-
idly and widely applied in temperature, RI, and
curvature sensing. Guo et al. proposed an LPFG
based on periodic microchannels. First, a femto-
second laser is used to inscribe the periodic linear
structures in single-mode fiber (SMF). Then, hydro-
fluoric acid is used to etch the laser-modified re-
gions to obtain microchannels. This LPFG achieved
highly sensitive measurements of environmental RI
changes!"’.. Lan et al. proposed a novel LPFG with
internal micropores, which is highly robust. The
femtosecond laser was first used to inscribe the peri-

odic linear structures in the core of the SMF, and

then micropores were formed by discharging in the
region of the short lines®”. Gong et al. developed a
fiber Mach-Zehnder interferometer (MZI) sensor.
The MZI was formed by fabricating a hollow ellips-
oid in the fiber. The sensor can be used for bending
sensing in an extensive curvature range®". From the
works above, it can be concluded that the LPFG
with microchannel and micropore structures exhib-
its good sensing characteristics and study values.

In this work, a novel LPFG based on periodic
microchannels is proposed. The femtosecond laser
first inscribes a series of line structures in the SMF
cladding. Then, the periodic microchannels are
formed by hydrofluoric acid etching of the femto-
second laser direct writing regions. The microchan-
nels are filled with polydimethylsiloxane (PDMS) to
obtain a better transmission spectrum. High sensitiv-
ity measurements of temperature, strain, bending,
and refractive index have been achieved through
this structure. This LPFG is low cost, robust, and
has potential application value in multi-parameter

sensing.
2 Experiment

2.1 Fabrication of LPFG

The experimental equipment of the LPFG fab-
rication system is shown in Fig. 1 (color online).
The laser used in the system is the femtosecond
laser of the Pharos series (PH1-10 W) manufac-
tured by Light Conversion. The 1030 nm femto-
second laser is frequency doubled to 515 nm by us-
ing f-BaB,0, (BBO) crystal. The repetition fre-
quency is 10 kHz, and the pulse duration is 230 fs.

After the femtolaser has passed through reflectors, a
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collimated beam, and a dichroic mirror, it is then fo-
cused into the fiber cladding by a 60x% oil immer-
sion objective (Olympus, NA = 1.42). The fiber is
fixed on a three-axis translation platform controlled
by a computer, which precisely controls the move-
ment of the fiber. The laser direct writing process
can be seen in real time on the computer screen

through the charge-coupled device (CCD).

Tllumination

==
v
LLLLLLLL +
s LLLLLLL - -
/ Index matching oil
Clamps Objective
BBO

1030 nm
Fs laser / Dichroic mirror

CCD

Fig. 1 The LPFG fabrication system

In the experiment, the three-axis translation
stage precisely controlled the movement of the fiber,
and the computer precisely controlled the laser shut-
ter. As shown in Fig. 2(a) (color online), the fiber
moved perpendicular to the laser incident direction
during fabricating to achieve a linear laser-modified
structure. When the laser scanning position was
close to the fiber’s core, the laser shutter was closed
to position the laser modulation region in the fiber’s
cladding. The laser scan length was approximately
56 um. After scanning the first laser modulation re-
gion, the fiber was axially translated by 30 um, and
the above step was repeated, where the translation
distance was the grating period. The LPFG has ap-
proximately 166 cycles and a total length of 10 mm.

Then, the microchannel structures were ob-
tained by hydrofluoric acid etching of laser-modi-
fied regions. The periodic laser-modified linear fiber
was immersed in a 20% hydrofluoric acid solution
to achieve selective etching. During the above pro-
cess, the etching was mainly carried out in the laser-
modified region because the corrosion rate in the
laser-modified region was more than two hundred

times higher than that in the unmodified region™.

To avoid high insertion loss, it was necessary to ac-
curately control the etching time to ensure that the
processed region was completely corroded without
eroding into the fiber core. Through many compar-
ative experiments, the best corrosion effect was
found to be obtained by controlling the etching time
at 20 minutes. At this duration, the spectrum was
found to be optimal and there was no high insertion
loss. Fig. 2(b) shows the microscopic image of the
cladding etched LPFG. The approximate width of

the microchannels measured at 8 pm.

()

»PN* SMF
Cladding

(b) (c)

Fig.2 (a) Schematic diagram of the periodic straight-line
laser-modified structure by fs laser direct writing.
(b) Microscope image of LPFG after HF etching. (c)
Microscope image of LPFG filling with PDMS

After completing the above steps, the PDMS
was filled into the corroded microchannels to im-
prove the spectral quality. The PDMS solution was
prepared with a 1:10 ratio of S184-B and S184-A,
and then the PDMS was dropped around the mi-
crochannels obtained by hydrofluoric acid etching.
At the same time, the fiber was placed in the ultra-
sonic machine so that the PDMS entered the mi-
crochannels completely. The PDMS was solidified
by a heating stage after completely entering the mi-
crochannels. Fig. 2(c) (color online) shows the mi-
croscopic image of the microchannel after filling the
channels with PDMS.
2.2 Sensing principle

The LPFGs can achieve coupling between the
core and cladding modes of the same direction
transmission. According to the coupled mode the-
ory, the resonant wavelength of the LPFG can be

expressed as®?!
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A= (nS—nS)A (D

where A, is the resonant wavelength, n%% and nSj

are the effective refractive indicies of the core and
cladding modes, respectively, and A4 is the grating
period.

The resonant wavelength of the LPFG at differ-
ent temperatures is expressed as!®:
da,, (dng‘f’f ~ dn_g}T)A_F( o ) dA

ar “\ar " ar o) g (2

When the ambient temperature changes, dA/dT rep-
resents the change in grating period caused by the
fiber’s thermal expansion effect, dng;/dT and
dnS};/dT represent the changes in the effective re-
fractive index of the core and cladding modes

caused by the thermal optical effect.
The resonant wavelength of the LPFG under

the axial strain ¢ is expressed as™!:

de

—. (3

dA, dn  dnS,
de

coO C dA
E - de )A+(netf_ne:f)

When the axial strain is applied to the fiber,
dnty/de and dnS/de represent the changes in the
effective refractive index of the core and cladding
modes caused by the elastic optical effect.

As can be seen from formulas (2) and (3), since
the refractive index of PDMS decreases when the
temperature and strain increase, the resonant peak
moves in the short wavelength direction in the tem-

perature and strain sensing tests.

3 Results and discussion

After the device preparation was completed,
the sensing characteristics of the device were invest-
igated. Fig. 3 shows the initial transmission spec-
trum of the LPFG measured through an optical
spectrum analyzer (OSA). The OSA is the model
AQ6370D produced by Yokogawa. The highest res-
olution is 0.02 nm.

It can be observed from Fig. 3 that there are
three distinct valleys in the initial transmission spec-

trum in the range of 1000 nm to 1700 nm, which

are named Dipl, Dip2, and Dip3. The waveleng-
ths of the Dips are 1225.65 nm, 1404.31 nm, and
1603.31 nm, respectively. The resonant wavelength
Dipl was observed in the following tests. Sub-
sequently, a fiber sensing test system was estab-
lished for temperature, strain, refractive index (RI),

and bending sensing measurements.

76-

Experimental data

g
= —“12F
2
Z
g Dipl Dip2
g 181 1225.65nm 1404.31 nm
B~
Dip3
1603.31 nm

o4t

1050 1200 1350 1500 1650
Wavelength/nm

Fig. 3 Initial transmission spectrum of LPFG

3.1 Sensing test system

Fig. 4 shows the experimental equipment of the
sensing test system. During the tests, light origin-
ated from the light source and entered the sensing
device through the SMF. The SuperK COMPACT
supercontinuum light source produced by NKT
Photonics was used. It has an output wavelength of
400—2400 nm and an output power of 110 mW and
is a non-polarized light source. The spectral changes
during the process of sensing tests were recorded by
the OSA.

(2)
= SMFEb
T — ! =F
(= A
i(@.L

Fig. 4 Schematic diagram of the experimental setup for
measuring (a) temperature, (b) strain and (c) bend-
ing

3.2 Temperature sensing

The spectral response to temperature is first

carried out. Fig. 4(a) shows the setup of the temper-
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ature test. During the test, it was essential to keep
the LPFG straight to avoid spectral changes due to
bending. The LPFG was fixed in a tube furnace with
a temperature resolution of 0.1 °C. The tube fur-
nace was gradually heated from 26 °C to 90 °C in
steps of 10 °C. At each temperature test point, the
tube furnace temperature was maintained for sixty

minutes to ensure that the environmental temperat-

(@) ——26°C——30°C——40°C—— 50 °C

Transmission/dB

1215 1220 1225 1230 1235
Wavelength/nm

ure of the LPFG had stabilized. The transmission
spectra at different temperatures are recorded in
Fig. 5(a) (color online). It shows that Dipl blue
shifts as the temperature increases. Dipl’s wave-
length values at different temperatures are dis-
played in Fig. 5(b). The temperature sensitivity is
—55.19 pm/°C in the range of 26 °C to 90 °C and the
linear fit is 0.993 9.

(b) 12271 = Experimental data

Linear fitting, R>=0.993 9

—_

N

[

N
T

Wavelength/nm
.
|38
W

L Slope=—55.19 pm/°C

._.
N
[
=

1223 ¢

20 40 60 80 100
Temperature/°C

Fig. 5 (a) Evolution of the transmission spectrum at different temperatures; (b) relationship between the resonance wavelength

shift and the temperature

3.3 Strain sensing

During the strain sensing test, it was necessary
to keep the environmental temperature of the LPFG
stable to prevent temperature changes from affect-
ing the strain test results. Fig. 4(b) shows the setup
of the strain test. The axial tension was applied to
the LPFG using a stress meter for the strain sensing
test. The axial strain € was calculated by the equa-

tion:

&= s (4)

(a)
)
=
=
g
2
&
=
s
[_1

~ — 1344 pe

Ssp . Diel e

1215 1220 1225 1230 1235

Wavelength/nm

where F is the axial tension, r is the cladding radi-
us, and E is the Young modulus of the silica fiber.
The axial tension was gradually increased from 0 N
to 1.4 N in steps of 0.2 N. The transmission spectra
at different strains are recorded in Fig. 6(a) (color
online). It can be observed that Dipl blue shifts as
the strain increases. Dipl’s wavelength values at
different strains are displayed in Fig. 6(b). The
strain sensitivity is —3.19 pm/pe in the range of 0
to 1568 pe and the linear fit is 0.9983.

(b) 1227 F » Experimental data
Linear fitting, R>=0.998 3
1226
=
£
£ 1225
en
5
o 1224}
<
5 Slope=—3.19 pm/pe
1223
1222
0 400 800 1200 1 600
Strain/pe

Fig. 6 (a) Evolution of the transmission spectrum at different strains; (b) relationship between resonance wavelength shift and

strain
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3.4 Rlsensing

During the RI sensing test, the LPFG was
placed in a hard plastic slot and kept straight. After
fixing the LPFG, the solutions were injected into the
plastic slot until they completely entered the mi-
crochannels. There are a total of 14 solutions with
different RIs, which were made by mixing glycerin
and water in different volume ratios. At each RI test
point, the spectrum of the LPFG was recorded after
it had stabilized. After recording the spectrum, the

LPFG was repeatedly cleaned with deionized water

(a) _5 2
o -10 £S5
NS
S -15f
2
g —— 1.340
Z 20 1345
E e 1.399
—— 1.360 —1.
251500 —— 1.409
—1.3725 YW/\}] —— 14175
2 |— 13815 T —— 1425
30 ——— 13895 Dlpl ——1.4275
1230 1240 1250 1260 1270
Wavelength/nm

and ethanol and finally dried with compressed air.
When the LPFG was recovered, the above process
was repeated to measure the other solutions with
different RIs. The transmission spectra at different
curvatures are recorded in Fig. 7(a) (color online).
Dipl red shifts as the RI increases. Dipl’s wave-
length values at different RIs are displayed in
Fig. 7(b) (color online). The RI sensitivities are
154.13 nm/RIU in the range of 1.333 to 1.399 and
540.81 nm/RIU in the range of 1.399 to 1.4275.

b)1266F Experimental data
= Experimental data

1260
g Slope=540.81 nm/RIU
g 124 R=0.984 9
5
S 1248}
«
=

1242
Slope=154.13 nm/RIU

R*=0.9819
1236

L

1.36 1.38

1.40 1.42

Refractive index

1.34

Fig. 7 (a) Evolution of the transmission spectrum at different RI solutions; (b) relationship between resonance wavelength

shift and RI

3.5 Bending sensing

In the bending sensing test, the LPFG was
fixed on two fixtures, as shown in Fig. 4(c). The two
fixtures were mounted on an adjustable stage with
an accuracy of 0.1 mm. The LPFG was bent by
moving the linear motion platform. The curvature C

was calculated by the following equation®':
C=2d/(d+L?) | (5)

where L is the initial distance of the two linear mo-

_15 K
w18
3
& 21
% 0.5m™
g 24t 1.0m"
=~ —1
;F: 727 I 15 1‘1'171
Dipl —20m
25m™
30 3.0m™!
1215 1220 1225 1230 1235

Wavelength/nm

tion platforms and d is the movement distance of
the two linear motion platforms.

During the sensing test, the curvature of the
LPFG gradually increased from Oto 3 m™ in steps
of 0.5m™. The transmission spectra at different
curvatures are recorded in Fig. 8(a) (color online).
The intensity of Dipl increases as the curvature in-
creases. Dipl’s wavelength values at different cur-
vatures are displayed in Fig. 8(b). The bending sens-
itivity is 2.65 dB/m ™" and the linear fit is 0.996 0.

Experimental data
Linear fitting, R>=0.996 0

22+ "

Transmission/dB
I
(3]
()}
.

Slope=2.65 dB/m™!

0.5 1.0 1.5 2.0 2.5 3.0
Curvature/m™!

Fig. 8 (a) Evolution of the transmission spectrum at different curvatures; (b) relationship between resonance intensity shift

and curvature
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Table 1 compares the measurement parameters
of sensors with different structures based on LPFG,

and shows that the sensor developed in this paper

exhibits relatively high sensitivity to temperature
and can measure multiple parameters separately by

controlling variables.

Tab.1 Comparison of measurement parameters for different types of LPFG

Year Sensing structure Temperature sensitivity ~ Strain sensitivity RI sensitivity Bending sensitivity ~ Reference
2013 Periodic microchannels 9.95 pm/°C —2.4 pm/pe =391 nm/RIU - [19]
2017 Hollow ellipsoid - - - 0.42 dB/m™ [21]
2022 Inner microholes 13.06 pm/°C —1.57 pm/pe - - [20]
2022 Micro air-channel 12.1 pm/°C - 587.08 nm/RIU - [26]
2023  Taped two-mode fiber and PDMS —0.412 nm/°C —12.16 nm/MPa - - [6]
2023 D-shape 45 pm/°C - - 17.6 nm/ m™! [27]
2024  Periodic microchannels on the ~55.19 pm/°C -3.19pm/pe  540.28 nm/RIU 2.65 dB/m™! This work

cladding and PDMS

4 Conclusion

This paper develops a novel type of LPFG
based on cladding periodic microchannels. The mi-
crochannels were obtained by femtosecond laser
direct writing and hydrofluoric acid etching. The
PDMS was filled into the periodic microchannels of

the LPFG to obtain a better transmission spectrum.

The LPFG sensor exhibits good sensing sensitivity.
It has a temperature sensitivity of —55.19 pm/°C, a
strain sensitivity of —3.19 pm/pe, a maximum RI
sensitivity of 540.28 nm/RIU, and a bending sensit-
ivity of 2.65 dB/m™'. As a result of the compactness
and high sensitivity of the device, this type of LP-
FG based on cladding refractive index modulation
has potential applications in multi-parameter sens-

ing and precision measurement.

References:

[1]

JIANG J J, HUANG Q Q, MA Y H, et al.. Wavelength-tunable L-band mode-locked fiber laser using a long-period fiber
grating[J]. Optics Express, 2021, 29(17): 26332-26339.

[2] ZHENG ZHM, YU Y S, ZHANG X Y, et al.. Femtosecond laser inscribed small-period long-period fiber gratings with
dual-parameter sensing[J]. IEEE Sensors Journal, 2018, 18(3): 1100-1103.

[3] ZHANG Y N, JIANG P, QIAO D, et al.. Sensing characteristics of long period grating by writing directly in SMF-28
based on 800 nm femtosecond laser pulses[J]. Optics & Laser Technology, 2020, 121: 105839.

[4] MAY W, LIXY, WANG S Y, et al.. Highly sensitive strain sensor based on a long-period fiber grating with chain-
shaped structure[J]. Applied Optics, 2020, 59(33): 10278-10282.

[5] WANG Q, DU CH, ZHANG J M, et al.. Sensitivity-enhanced temperature sensor based on PDMS-coated long period
fiber grating[J]. Optics Communications, 2016, 377: 89-93.

[6] DENG L F, JIANG CH, HU CH J, et al.. Highly sensitive temperature and gas pressure sensor based on long-period
fiber grating inscribed in tapered two-mode fiber and PDMS [J]. IEEE Sensors Journal, 2023, 23(14): 15578-15585.

[7] BARRERA D, MADRIGAL J, SALES S. Long period gratings in multicore optical fibers for directional curvature
sensor implementation [J]. Journal of Lightwave Technology, 2018, 36(4): 1063-1068.

[8] ZHOU Q, ZHANG W G, CHEN L, et al.. Bending vector sensor based on a sector-shaped long-period grating[J]. IEEE
Photonics Technology Letters, 2015, 27(7): 713-716.

[9]  ESPOSITO F, SRIVASTAVA A, SANSONE L, ef al.. Sensitivity enhancement in long period gratings by mode
transition in uncoated double cladding fibers[J]. IEEE Sensors Journal, 2020, 20(1): 234-241.

[10] ESPOSITO F, SANSONE L, SRIVASTAVA A, et al.. Label-free detection of vitamin D by optical biosensing based on


https://doi.org/10.1364/OE.433298
https://doi.org/10.1109/JSEN.2017.2761794
https://doi.org/10.1364/AO.404861
https://doi.org/10.1016/j.optcom.2016.05.039
https://doi.org/10.1109/JSEN.2023.3279091
https://doi.org/10.1109/JLT.2017.2764951
https://doi.org/10.1109/LPT.2015.2390251
https://doi.org/10.1109/LPT.2015.2390251
https://doi.org/10.1109/JSEN.2019.2942639

REYEE (FP3ES0) w18 %

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

(21]

[22]

23]

[24]

[25]

[26]

[27]

long period fiber grating[J]. Sensors and Actuators B: Chemical, 2021, 347: 130637.

PENG M, LU ZH Q, TANG Y, ef al.. Femtosecond laser direct writing of long period fiber grating sensor with high
refractive index sensitivity [J]. Optical Fiber Technology, 2023, 81: 103511.

REN K L, REN L Y, LIANG J, et al.. Online fabrication scheme of helical long-period fiber grating for liquid-level
sensing [J]. Applied Optics, 2016, 55(34): 9675-9679.

DENG H CH, WANG R, JIANG X W, et al.. A long period grating sensor based on helical capillary optical fiber[J].
Journal of Lightwave Technology, 2021, 39(14): 4884-4891.

SHI SH H, WANG X, LUO B B, ef al.. Avian influenza virus immunosensor based on etched long period fiber grating
coated with graphene oxide [J]. Acta Photonica Sinica, 2020, 49(1): 0106002. (in Chinese).

HINDLE F, FERTEIN E, PRZYGODZKI C, et al.. Inscription of long-period gratings in pure silica and germano-
silicate fiber cores by femtosecond laser irradiation[J]. IEEE Photonics Technology Letters, 2004, 16(8): 1861-1863.
NIKOGOSYAN D N. Long-period gratings in a standard telecom fibre fabricated by high-intensity femtosecond UV and
near-UV laser pulses[J]. Measurement Science and Technology, 2006, 17(5): 960-967.

ZHANG L, LIU Y Q, ZHAO Y H, et al.. High sensitivity twist sensor based on helical long-period grating written in
two-mode fiber[J]. IEEE Photonics Technology Letters, 2016, 28(15): 1629-1632.

WANG L, ZHANG W G, CHEN L, et al.. Torsion sensor based on two cascaded long period fiber gratings fabricated by
CO, laser pulse irradiation and HF etching technique respectively [J]. Journal of Modern Optics, 2017, 64(5): 541-545.
GUO JCH, YU Y S, XUE Y, et al.. Compact long-period fiber gratings based on periodic microchannels[J]. IEEE
Photonics Technology Letters, 2013, 25(2): 111-114.

LAN F L, WANG D N. Long-period fiber grating based on inner microholes in optical fiber[J]. Optics Letters, 2022,
47(1): 146-149.

GONG H P, WANG D N, XIONG M L, et al.. Optical fiber hollow ellipsoid for directional bend sensing with a large
bending range [J]. Optical Materials Express, 2017, 7(6): 1767-1776.

LAI Y, ZHOU K, ZHANG L, et al.. Microchannels in conventional single-mode fibers[J]. Optics Letters, 2006,
31(17): 2559-2561.

DONG X R, SUN X Y, LI H T, et al.. Femtosecond laser fabrication of long period fiber gratings by a transversal-
scanning inscription method and the research of its orientational bending characteristics [J]. Optics & Laser Technology,
2015, 71: 68-72.

HECK M, KRAMER R G, ULLSPERGER T, et al.. Efficient long period fiber gratings inscribed with femtosecond
pulses and an amplitude mask [J]. Optics Letters, 2019, 44(16): 3980-3983.

ZHANG SH SH, FANG CH Q, ZHANG CH, et al.. A compact ultra-long period fiber grating based on cascading up-
tapers [J]. IEEE Sensors Journal, 2020, 20(15): 8552-8558.

CHAO X W, WANG D N. Ultra-short long-period fiber grating based on a micro air-channel structure[J]. Optics
Letters, 2022, 47(22): 5961-5964.

WANG Q Y, DU CH, ZHAO SH, et al.. Curvature sensor based on D-shape fiber long period fiber grating inscribed and
polished by CO, laser[J]. Measurement, 2023, 223: 113665.

Author Biographics:

YU Yong-sen (1974 —), male, from Changchun, Jilin Province, Ph.D., Professor, Ph.D. Supervisor, ob-
tained Ph.D. from Jilin University in 2005, mainly engaged in researching fiber sensing and laser micro-

nano processing. E-mail: yuys@jlu.edu.cn


https://doi.org/10.1016/j.snb.2021.130637
https://doi.org/10.1016/j.yofte.2023.103511
https://doi.org/10.1364/AO.55.009675
https://doi.org/10.1109/JLT.2021.3075962
https://doi.org/10.3788/gzxb20204901.0106002
https://doi.org/10.1109/LPT.2004.831264
https://doi.org/10.1088/0957-0233/17/5/S04
https://doi.org/10.1109/LPT.2016.2555326
https://doi.org/10.1080/09500340.2016.1249424
https://doi.org/10.1109/LPT.2012.2227701
https://doi.org/10.1109/LPT.2012.2227701
https://doi.org/10.1364/OL.447225
https://doi.org/10.1364/OME.7.001767
https://doi.org/10.1364/OL.31.002559
https://doi.org/10.1364/OL.44.003980
https://doi.org/10.1109/JSEN.2020.2985311
https://doi.org/10.1364/OL.476504
https://doi.org/10.1364/OL.476504
https://doi.org/10.1016/j.measurement.2023.113665
mailto:yuys@jlu.edu.cn

	1 Introduction
	2 Experiment
	2.1 Fabrication of LPFG
	2.2 Sensing principle

	3 Results and discussion
	3.1 Sensing test system
	3.2 Temperature sensing
	3.3 Strain sensing
	3.4 RI sensing
	3.5 Bending sensing

	4 Conclusion
	参考文献

