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Fig. 1. Fiber ring laser based on PM-PPCF-SI: (a) SEM diagram of the cross section of homemade PM-PCF; (b) schematic dia-

gram of Erbium-doped fiber ring laser based on PM-PCF-SI.
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Fig. 2. The torsion response spectrum of the SI filter: (a) Variation of the filter spectrum with the torsion angle (simulation);

(b) variation of the peak wavelength of the filter with the torsion angle (simulation); (c) variation of the filter spectrum with the

torsion angle (experiment); (d) variation of peak wavelength of the filter with torsion angle (experiment).
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Fig. 3. Schematic of the experimental device for the laser torsion sensor based on SI.
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Fig. 5. Torsion response of the laser torsion sensor based on PM-PCF-SI: (a) Laser spectra at different torsion angles; (b) the vari-

ation of laser wavelength with the torsion angle.
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Fig. 6. Corresponding output laser tuning range of different
lengths of PM-PCF: (a) 47 cm; (b) 27 cm; (c) 15 cm.
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Fig. 7. The variation of the lasing wavelength with torsion angle when torsion is applied along clockwise direction: (a) Variation of

the output laser wavelength with the torsion angle; (b) the relationship between laser wavelength and torsion angle.
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Fig. 8. The variation of the lasing wavelength with torsion angle when torsion is applied along counterclockwise direction: (a) Vari-

ation of the output laser wavelength with the torsion angle; (b) the relationship between laser wavelength and torsion angle.
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laser wavelength with the torsion angle; (b) the relationship between output laser wavelength and torsion angle.
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fluctuation of the output laser wavelength with tempera-
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Table 1.  Performance comparison of various types of laser sensors.

Type Structures Linear response range Sensitivity Resolution Direction Temeliif)?ture Refs.
47° (-23.5°—23.5%) 3 3
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FRLTS ot
elliptical-core based 0 [ aANC__q1O o ° . o
FRLTS 340° (—340°—0°) 0.1 nm/(°) 0.43 Yes 1.5 [21]
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(-16.6 rad/m—0 rad/m) ’ ' i
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(31.02 rad/m)

A3 3R SCERIRGE B9 2/73 F140/333. X & i T IRAT
TE Sagnac ¥ H R ) 5 ST 5 647 S PM-PCF,
TZICEF SR FH WA R R 9 22 S FLARAS = AT 4,
B3 Ao A T LA AN X FR 2 RA AR AT i AR ST 58, AT
PO T R AR ST S R, A R R AL
AR R E M. X R XA A B R AT
FasE e, mTLAHRHT I A P TR AR A R 119 28 LAk
JRRIA) A, RREET T AR A 1) 52 I

P 1G5 T AR SCEE A IR AR 5 LA AR G %
AR AL A 1 LB A By AR SCER Y I 56 T ST
(O AR 5 A5 IR AR S B T -260°—220°, 4k 480°
PRIV L BeAh, 5 B0 s 0 o e
LA EL, ASCHT 2 36T ST RBOGRHH T
o J g B B 1Y R AU (-0.032 nm/(°)). 4
LW = 0.05 nm, SNR = 40 dB, R, = 0.02 nm i,
FHRE 43 HE% R ©.35% 0.681°. 55T PM-PCF (1)
SIBIREEM AR LL, X — HFR i E e 1 2 4K
Y WK S o BRI OSA, HHE: I & 43
PRe LU — 4w, a0 (9) s, el 2
() 2, AR SCHE 0 A% SRR S B T S A 1 TR R P
fig, £ 20—95 °C i M HOGIR K Bl R B i sl
4x107 nm/°C, R L XL 1 B2 I (1R 25
0.16 (°)/°C, &R 225008 Z 1 1Y SCHR i 8 1
2/73 F1 40/333. X A A SO HE Y AL A TR
NG HABAIL ] A AF BT AT LA S50 i I 58 X
FURR )

5 & #®

AR A Y PM-PCF #2448 7 —Fh

FF ST YRR BB RET O L AL IR A, TR
LA 2 B FAE PR PM-PCF # & ST, 1E R i%
1% SRR ) HH 5 AR ST A RN U B AR, A AR T T
I A T B4 43 23R 0 S L 3 R A e vk
YL R R, ZAL A LW 4 0.05 nm, SNR
A 40 dB, HH 5 #EF T IA 0.681°(0.06 rad/m). It
O, LG AR SRR AR S R L 0 s T
—260°(—16.8 rad/m) F 220°(14.22 rad/m), 3 480°
(31.02 rad/m) Y5 RN 9 . X A% IR AR A RS E
PEHEAT TN, 25 KW, TEHH A% f-260°—220°1)
N2 1 T PN, R A L 0 1) - g 4 ke iR 2
J7x103 nm. fEE IR, 7€ 2095 C WL
AR AV R PN, i SO D K B TR 1 I8 Bh AR
4x10°% nm/°C., RV EE XA 00 ) 1% 254X
k0 0.16(°)/°C, R AR e AR L B X HH 2 e R
A 1R 22 430 R SCRR B Y 2/73 T 40/333.
L5 L RTIR, AL A LA = R | Sl
Pl e T RS M A A, LR AR R R e
1A B RS L, LR e £ AR T
AR . A s YT SRR A T R
o FH R

S 30k

[1] Cui J X, Cheng X, Gunawardena D S, Leong C Y, Dash J N,
Lau A P T, Tam H Y 2024 Opt. Laser Technol. 174 110548

[2] Cao J Q, Wang B, Huang B S, Lou S Q, Sheng Z F, Chu P K
2024 J. Lightwave Technol. 42 5743

[3] Lopez-Higuera J M, Cobo L R, Incera A Q, Cobo A 2011 J.
Lightwave Technol. 29 587

[4] Yin G L, Xu Z, Ma J M, Zhu T 2022 J. Lightwave Technol.
41 1851

[5] Zheng Y C,LiJ J, Liu Y, Li Y, Qu S L 2023 J. Lightwave

200602-9


https://doi.org/10.1016/j.optlastec.2024.110548
https://doi.org/10.1016/j.optlastec.2024.110548
https://doi.org/10.1016/j.optlastec.2024.110548
https://doi.org/10.1016/j.optlastec.2024.110548
https://doi.org/10.1016/j.optlastec.2024.110548
https://doi.org/10.1016/j.optlastec.2024.110548
https://doi.org/10.1016/j.optlastec.2024.110548
https://doi.org/10.1109/JLT.2024.3397798
https://doi.org/10.1109/JLT.2024.3397798
https://doi.org/10.1109/JLT.2024.3397798
https://doi.org/10.1109/JLT.2024.3397798
https://doi.org/10.1109/JLT.2024.3397798
https://doi.org/10.1109/JLT.2024.3397798
https://doi.org/10.1109/JLT.2024.3397798
https://doi.org/10.1109/JLT.2011.2106479
https://doi.org/10.1109/JLT.2011.2106479
https://doi.org/10.1109/JLT.2011.2106479
https://doi.org/10.1109/JLT.2011.2106479
https://doi.org/10.1109/JLT.2011.2106479
https://doi.org/10.1109/JLT.2011.2106479
https://doi.org/10.1109/JLT.2011.2106479
https://doi.org/10.1109/JLT.2011.2106479
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 74, No. 20 (2025)

200602

(6]
[7]

Technol. 42 2513

Duan J A, Xie Z, Wang C, Zhou J Y, Li H T, Luo Z, Chu D
K, Sun X Y 2016 Opt. Laser Technol. 83 94

Lin CY, Wang L A, Chern G W 2001 J. Lightwave Technol.
19 1159

Zhu T, Rao Y J, Mo Q J 2006 Acta Phys. Sin. 55 249 (in
Chinese) 4, BT, BEEk3 2006 PELEAR 55 249
Ghasemi P, Yam S S H 2022 J. Lightwave Technol. 40 1224
Yin G L, Fu Q J, Yang P X, Zhu T 2022 Opt. Laser Technol.
156 108461

Cao J Q, Lou S Q, Huang B S, Gu S, Jia H Q, Sheng X Z,
Wang X 2023 Opt. Fiber Technol. 80 103431

Zhang R W, Liu X J, Shang Q H, Yang J R 2023 J.
Lightwave Technol. 42 921

Shi L L, Zhu T, Fan Y E, Chiang K S, Rao Y J 2011 Opt.
Commun. 284 5299

Lou S Q, Lu W L, Wang X 2013 Acta Phys. Sin. 62 090701
(in Chinese) [ZHEE, RESCTE, T8 2013 W44 62 090701
Chen W G, Lou S Q, Wang L W, Zou H, Lu W L, Jian S S
2011 IEEE Photonics Technol. Lett. 23 1639

Huang B, Shu X W 2018 Opt. Ezpress 26 4563

(17]

(18]

(19]
(20]
(21]

[22]

(23]
(24]

(25]

200602-10

Htein L, Gunawardena D S, Liu Z Y, Tam H Y 2020 Opt.
Express 28 33841

Lin W H, Shao L Y, Vai M I, Shum P P, Liu S Q, Liu Y B,
Zhao F, Xiao D R, Liu Y H, Tan Y D, Wang W Z 2021 J.
Lightwave Technol. 39 3350

Liu X J, Wang F J, Yang J R, Zhang X D, Du X L 2019
Sensors 19 3613

Cao J Q, Guo Y Y, Gao W, Wang X, Lou S Q, Sheng Z F
2024 IEEFE Sens. J. 25 4647

Ma X K, Lou S Q, Cao J Q, Huang B S 2025 Infrared Phys.
Techn. 147 105776

Guo Y Y, Du M Z, Gao W, Cao J Q, Sheng X Z, Lou S Q,
Lian Z G 2025 Chin. J. Lasers 52 1306003 (in Chinese) [#5%
AR TR, i, A, B, U, BRIEN] 2025
J& 52 1306003]

Bo W, Liu B, Liu J, He X D, Yuan J H, Wu Q 2022 [/EEFE
Sens. J. 22 7779

Zu P, Chan C C, Jin Y X, Gong T X, Zhang Y F, Chen L H,
Dong X Y 2011 IEEE Photonics Technol. Lett. 23 920
Chiavaioli F, Gouveia C A J, Jorge P A S, Baldini F 2017
Biosensors 7 23


https://doi.org/10.1016/j.optlastec.2016.04.002
https://doi.org/10.1016/j.optlastec.2016.04.002
https://doi.org/10.1016/j.optlastec.2016.04.002
https://doi.org/10.1016/j.optlastec.2016.04.002
https://doi.org/10.1016/j.optlastec.2016.04.002
https://doi.org/10.1016/j.optlastec.2016.04.002
https://doi.org/10.1016/j.optlastec.2016.04.002
https://doi.org/10.1109/50.939797
https://doi.org/10.1109/50.939797
https://doi.org/10.1109/50.939797
https://doi.org/10.1109/50.939797
https://doi.org/10.1109/50.939797
https://doi.org/10.1109/50.939797
https://doi.org/10.7498/aps.55.249
https://doi.org/10.7498/aps.55.249
https://doi.org/10.7498/aps.55.249
https://doi.org/10.7498/aps.55.249
https://doi.org/10.7498/aps.55.249
https://doi.org/10.7498/aps.55.249
https://doi.org/10.7498/aps.55.249
https://doi.org/10.7498/aps.55.249
https://doi.org/10.7498/aps.55.249
https://doi.org/10.7498/aps.55.249
https://doi.org/10.7498/aps.55.249
https://doi.org/10.7498/aps.55.249
https://doi.org/10.7498/aps.55.249
https://doi.org/10.7498/aps.55.249
https://doi.org/10.7498/aps.55.249
https://doi.org/10.1109/JLT.2021.3128593
https://doi.org/10.1109/JLT.2021.3128593
https://doi.org/10.1109/JLT.2021.3128593
https://doi.org/10.1109/JLT.2021.3128593
https://doi.org/10.1109/JLT.2021.3128593
https://doi.org/10.1109/JLT.2021.3128593
https://doi.org/10.1109/JLT.2021.3128593
https://doi.org/10.1016/j.optlastec.2022.108461
https://doi.org/10.1016/j.optlastec.2022.108461
https://doi.org/10.1016/j.optlastec.2022.108461
https://doi.org/10.1016/j.optlastec.2022.108461
https://doi.org/10.1016/j.optlastec.2022.108461
https://doi.org/10.1016/j.optlastec.2022.108461
https://doi.org/10.1016/j.yofte.2023.103431
https://doi.org/10.1016/j.yofte.2023.103431
https://doi.org/10.1016/j.yofte.2023.103431
https://doi.org/10.1016/j.yofte.2023.103431
https://doi.org/10.1016/j.yofte.2023.103431
https://doi.org/10.1016/j.yofte.2023.103431
https://doi.org/10.1016/j.yofte.2023.103431
https://doi.org/10.1016/j.optcom.2011.07.049
https://doi.org/10.1016/j.optcom.2011.07.049
https://doi.org/10.1016/j.optcom.2011.07.049
https://doi.org/10.1016/j.optcom.2011.07.049
https://doi.org/10.1016/j.optcom.2011.07.049
https://doi.org/10.1016/j.optcom.2011.07.049
https://doi.org/10.1016/j.optcom.2011.07.049
https://doi.org/10.1016/j.optcom.2011.07.049
https://doi.org/10.7498/aps.62.090701
https://doi.org/10.7498/aps.62.090701
https://doi.org/10.7498/aps.62.090701
https://doi.org/10.7498/aps.62.090701
https://doi.org/10.7498/aps.62.090701
https://doi.org/10.7498/aps.62.090701
https://doi.org/10.7498/aps.62.090701
https://doi.org/10.7498/aps.62.090701
https://doi.org/10.7498/aps.62.090701
https://doi.org/10.7498/aps.62.090701
https://doi.org/10.7498/aps.62.090701
https://doi.org/10.7498/aps.62.090701
https://doi.org/10.7498/aps.62.090701
https://doi.org/10.7498/aps.62.090701
https://doi.org/10.1109/LPT.2011.2166062
https://doi.org/10.1109/LPT.2011.2166062
https://doi.org/10.1109/LPT.2011.2166062
https://doi.org/10.1109/LPT.2011.2166062
https://doi.org/10.1109/LPT.2011.2166062
https://doi.org/10.1109/LPT.2011.2166062
https://doi.org/10.1109/LPT.2011.2166062
https://doi.org/10.1364/OE.26.004563
https://doi.org/10.1364/OE.26.004563
https://doi.org/10.1364/OE.26.004563
https://doi.org/10.1364/OE.26.004563
https://doi.org/10.1364/OE.26.004563
https://doi.org/10.1364/OE.26.004563
https://doi.org/10.1364/OE.26.004563
https://doi.org/10.1364/OE.402925
https://doi.org/10.1364/OE.402925
https://doi.org/10.1364/OE.402925
https://doi.org/10.1364/OE.402925
https://doi.org/10.1364/OE.402925
https://doi.org/10.1364/OE.402925
https://doi.org/10.1364/OE.402925
https://doi.org/10.1364/OE.402925
https://doi.org/10.1109/JLT.2021.3062864
https://doi.org/10.1109/JLT.2021.3062864
https://doi.org/10.1109/JLT.2021.3062864
https://doi.org/10.1109/JLT.2021.3062864
https://doi.org/10.1109/JLT.2021.3062864
https://doi.org/10.1109/JLT.2021.3062864
https://doi.org/10.1109/JLT.2021.3062864
https://doi.org/10.1109/JLT.2021.3062864
https://doi.org/10.3390/s19163613
https://doi.org/10.3390/s19163613
https://doi.org/10.3390/s19163613
https://doi.org/10.3390/s19163613
https://doi.org/10.3390/s19163613
https://doi.org/10.3390/s19163613
https://doi.org/10.1016/j.infrared.2025.105776
https://doi.org/10.1016/j.infrared.2025.105776
https://doi.org/10.1016/j.infrared.2025.105776
https://doi.org/10.1016/j.infrared.2025.105776
https://doi.org/10.1016/j.infrared.2025.105776
https://doi.org/10.1016/j.infrared.2025.105776
https://doi.org/10.1016/j.infrared.2025.105776
https://doi.org/10.1016/j.infrared.2025.105776
https://doi.org/10.3788/CJL250588
https://doi.org/10.3788/CJL250588
https://doi.org/10.3788/CJL250588
https://doi.org/10.3788/CJL250588
https://doi.org/10.3788/CJL250588
https://doi.org/10.3788/CJL250588
https://doi.org/10.3788/CJL250588
https://doi.org/10.3788/CJL250588
https://doi.org/10.3788/CJL250588
https://doi.org/10.3788/CJL250588
https://doi.org/10.3788/CJL250588
https://doi.org/10.3788/CJL250588
https://doi.org/10.3788/CJL250588
https://doi.org/10.3788/CJL250588
https://doi.org/10.3788/CJL250588
https://doi.org/10.3788/CJL250588
https://doi.org/10.1109/JSEN.2022.3154761
https://doi.org/10.1109/JSEN.2022.3154761
https://doi.org/10.1109/JSEN.2022.3154761
https://doi.org/10.1109/JSEN.2022.3154761
https://doi.org/10.1109/JSEN.2022.3154761
https://doi.org/10.1109/JSEN.2022.3154761
https://doi.org/10.1109/JSEN.2022.3154761
https://doi.org/10.1109/JSEN.2022.3154761
https://doi.org/10.1109/LPT.2011.2143400
https://doi.org/10.1109/LPT.2011.2143400
https://doi.org/10.1109/LPT.2011.2143400
https://doi.org/10.1109/LPT.2011.2143400
https://doi.org/10.1109/LPT.2011.2143400
https://doi.org/10.1109/LPT.2011.2143400
https://doi.org/10.1109/LPT.2011.2143400
https://doi.org/10.3390/bios7020023
https://doi.org/10.3390/bios7020023
https://doi.org/10.3390/bios7020023
https://doi.org/10.3390/bios7020023
https://doi.org/10.3390/bios7020023
https://doi.org/10.3390/bios7020023
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 74, No. 20 (2025) 200602

High-performance fiber ring laser torsion sensor based on
polarization-maintaining photonic crystal fibers”

GUO Yuying? DU Mengzhu?® GAO Wei’ WANG Xin! SHENG Xinzhi?
LOU ShuqinY® LIAN Zhenggang !

1) (Key Laboratory of Communication and Information Systems, Beijing Municipal Commission of Education,
School of Electronic and Information Engineering, Beijing Jiaotong University, Beijing 100044, China)
2) (School of Physical Sciences and Engineering, Beijing Jiaotong University, Beijing 100044, China)
3) (Yangtze Optics Electronics Co., Wuhan 430205, China)

( Received 11 July 2025; revised manuscript received 11 August 2025 )

Abstract

Torsion information is important for rotating systems, industrial monitoring, transportation engineering,
and medical equipment. Optical fiber torsion sensors have significant advantages, such as immune to
electromagnetic interference, small size, and light weight. Sagnac loop interferometer (SI) torsion sensors have
attracted much attention due to their compact structure, high sensitivity, excellent stability, and low cost.
However, their nonlinear response limits the measurement range, while the wide full width at half maximum
and low signal-to-noise ratio (SNR) reduce the resolution of torsion sensors. To solve these problems, a fiber
ring laser torsion sensor (FRLTS) based on homemade polarization-maintaining photonic crystal fiber (PM-
PCF) is proposed in this work. The torsion sensor introduces a PM-PCF based SI into the erbium-doped fiber
ring cavity as a filter and torsion sensor device. The interference spectrum of SI is derived by the transmission
matrix method and simulated, and then the sensing principle of the sensor is obtained. Subsequently, the
experimental system is set up to study the lasing output characteristics and torsion response of the FRLTS. By
taking advantage of the narrow linewidth and high signal-to-noise ratio (SNR) of fiber ring lasers, a high-
resolution fiber torsion sensor is successfully obtained. The experimental results show that the maximum linear
torsion measurement range of the sensor can be extended to 480° (from —260° to 220°), the maximum torsion
sensitivity is 0.032 nm/(°), and the resolution is as high as 0.681°. Furthermore, in a temperature range from
20 C to 95 °C, the temperature-induced wavelength variation is only 4x103 nm/°C, corresponding to a torsion
angle measurement error of 0.16(°)/°C. Compared with existing reports, its temperature stability is increased by
37.5 times, while the temperature-induced error in angle measurements is reduced by 9.375 times. The
proposed FRLTS not only successfully achieves high-resolution and wide-range torsion sensing, but also
effectively suppresses cross-sensitivity caused by temperature. Therefore, the torsion sensor has significant
potential applications in fields such as aerospace and robotics where precise measurement of minute torsion

angle is required in special environments.
Keywords: fiber torsion sensor, fiber laser, Sagnac loop interferometer, temperature stability
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