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Table 1 Distributed TF/pressure fiber-optic sensing techniques proposed by previous researchers

Interrogation ) ) o Spatial Fiber
technique Sensing medium Measurement method Sensitivity resolution  length Ref.
Nylon/silicone coated SMF 0.023 MHz/psi — — [23]
BOTDR SMF Pressure to strain conversion —0. 752 MHz/MPa — 70 m [25]
Polymer optical fiber 4.3 MHz/MPa — 3m [26]
OFDR SMF in an engineered cable Pressure to strain conversion —30 GHz/kPa 8.5cm Im (1]
POTDR SHF Pressure induced birefringence 300 N/m* 1m 75 m [29]
OFDR Common PMF Polarization mode coupling loss —80 dBm 5cm 200 m [30]
PM-PCF 0. 038 pm/psi 10 mm — [31]
OFDR SHF Pressure-induced birefringence 0. 135 pm/psi 10 mm — [31]
ECF — 10 mm 77cm  [32]
BOTDA PM-PCF Pressure-induced birefringence 199 MHz/MPa 20 cm 4m [33]
DPXA Common PMF Polarization crosstalk —85dB 98 mm 1050 m  [4]
POFDR Bending insensitive SMF Bending induced birefringence 10 kpsi 0.5 mm 800m  [37]

Note: 1 psi=6. 895 kPa.
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Fig. 1 Principle of TF induced principal-axis rotation of
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showing the principal-axis rotation of a center fiber
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Fig. 3 Diagram of ghost-peak free distributed polarization crosstalk analysis system and measurement principle
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! (a) Multi-points polarization crosstalk in PMF-UT
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Fig. 6 TF induced polarization crosstalk (linear scale) sensitivity measurement for different types of PMFs"”. (a) TF loading apparatus;

measurement results of polarization crosstalk for (b) panda PMF1 and (c) panda PMF2 with and without coating respectively as

functions of applied weight, and similar results measured for golden polyimide coated PMF also plotted correspondingly for

comparison; (d) comparison of crosstalk bases between panda PMF 1 with coating and polyimide coated PMF
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Fig. 7 Response time measurement of TF induced polarization crosstalk for different types of PMFs"™. (a) PMF1 with coating;
(b) PMF1 without coating; (¢) PMF2 with coating; (d) PMF2 without coating; (e) golden polyimide coated PMF
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Fig. 8 PMF-based sensing tape fabricating system with automated polarization axis alignment for distributed TF sensing"”.

(a) Schematic of system; (b) image analysis principle; (¢) fiber axis orientation angle calibration; (d) prototype
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Fig. 9 PMF based sensing tape with 45° polarization axis alignment and measurement results””. (a) Photo of PMF sensing tape;

(b) polarization axis angle measurement results
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Fig. 10 TF applying method on PMF-based sensing tape””
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Fig. 12 PMF-based distributed TF sensing validation””. (a) Distributed measurement with multi-force applying points;

(b) measurement of sensing calibration curves
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Table 2 Performance of PMF-based distributed TF fiber-optic sensing

Interrogation . . Measurement Standard Spatial Fiber tape Dynamic
; Sensing medium . o .
technique resolution deviation resolution length range
DPXA 45° axis orientated PMF tape 0.33 N/mm 0.62dB ~4 cm 70 m ~3.5km
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Fig. 13

Designing method of TF sensing using PMF independent of direction of applied force. (a) Fiber twisting method; (b) force-

applying clamp designing method
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Fig. 14 Polarization crosstalk versus force-applying angle using

twisted PMF with force-applying based on four-jaw clamp
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Fig. 15 Validation of distributed TF sensing using twisted PMF independent of direction of applied force. (a) Four-jaw clamp design;

(b) PMF twisting and TF sensing experimental apparatus; (c) polarization crosstalk versus fiber length under different force-

applying angles for untwisted PMF; (d) polarization crosstalk versus fiber length under different force-applying angles for

twisted PMF
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Fig. 16 Validation of distributed TF sensing using SF independent of direction of applied force. (a) Four-jaw clamp design;

(b) polarization crosstalk versus fiber length
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Fig. 17 Basic structure and working principle of OFDR. (a) System structure; (b) frequency-beating interference principle
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Fig. 18 Schematic of DPA system (PA-OFDR)""
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Fig. 19 Birefringence distribution measurement results along the SMF-UT"". (a) Distributed birefringence measurement results from

fiber loop No. 1 to No. 12; (b) distributed birefringence measurement around fiber loop No. 10
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Fig. 20 Bending-induced birefringence versus bending radius for SMF-UT™". (a) Measurement result using DPA system;

(b) measurement result using NDPA system
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Fig. 21 Schematic of experimental setup for SMF-based distributed TF sensing'
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Fig. 22 Experiment results of TF measurement sensitivity calibration. (a) Distributed birefringence; (b) birefringence versus TF
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3.4.2 mRKITMEH®EA
%ﬁﬂ?ﬂﬂﬁﬁﬁrﬁ]Eﬁ%ﬁ?ﬁiﬁffﬁfﬁlﬁsjﬂ%@lﬁgi

I?i‘TE'F?FHHLJET Tt,n)r“J/\tHf)u*EhJﬂéﬁlﬂ
R DR I
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%t T DPA %% ,BSR } 0. 25 mm, f = (15) 7 DA
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3.4.3 ZATMEHAEN
FE XA /N AT 0 A ) T £ SR N A ) R
Wi S B G 27 AU 5 RB &5 245 (3 dB) s T 1
SCH AR AN E 24 iR o #EHE SME-UT I RB HAAIK
1) — BeAE RSB OGLF  AERK R 7.5 em (it 1 B3 A
L N5 g AW 88 ik 5 i 21 65 g, [ S 56 509
PR RNAR A 1Y B A AR, B B i A0 e 6 VR T A2
ié"ﬁﬂﬂﬁm a5 4 1 24 1% 475 L il 2 VB T LA
/N AT RIS 1] 3 R 0. 634 N/m. RIS, 76 Hofl 1 52
FEEE(L, 2,7 cm) T4 BEAT T[R9 S 56,
3 04 F5 /N BT R 00 48 1] R 3 7E 0. 576~0. 790 N/m {5 [l
N, HOF- B4 AT AR S 22 G2 1 S5 /N ) s 8 ) g, B0/
F70.661 N/m(6.61X10 ‘N/mm) , Z k% 0 E 2 K
JER 5 mm, REE AT LURHANE 0. 68 g ffif . 5340, 1R

%}%’nux 5 31 14 F R RT I A ) T /., =16, 8 N/mm,
1531 2 50 R 1) e A% s 2575 Bl ik 44 dB.

3.4 4 EEHSHFEFRKRAERIES

25 8] 43 B 2R 0 e R AL TR 8 2 43 A1 xR ) T T A%
BN EEZRSE . N T RIER G M2 1] 55 B
A H— 808 H#E 13T (Sundoo Instrument, SH-50)

N SME-UT 51 A AT 5 5 58 il Ji 7 o 6 25 P 3
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Table 3 Data of two demonstration experiments™”

Experiment Nz'e;if:ter Force-applying length /cm  Applied TF /(Nem™') Measured TF/(Nem™') Relative error /%
) 8 20. 182 21.799 8.012
©) 8 20. 182 21.326 5. 668
©) 9 20. 168 21.810 8. 142
@ 9 20. 168 22.432 11.226
Experiment [ ©) 10 20. 157 22.093 9. 605
(Exp. 1) ©® 10 20. 157 22.037 9.327
@ 11 20. 119 22.350 11. 089
® 11 20.119 22. 406 11.367
©) 12 20. 088 21.590 7.477
© 12 20. 088 22.653 12.769
) 8 98. 582 98. 851 0.273
@ 8 98. 582 99. 957 1.395
©) 9 98. 568 100. 130 1. 585
@ 9 98. 568 100. 965 2.432
Experiment [I
(Exp. 1) ® 10 98.557 98. 894 0. 342
© 10 98. 557 100. 693 2.167
@ 11 98.519 99.902 1. 404
11 98.519 100. 553 2.065
©) 12 98.488 100. 076 1.612
© 12 98.488 99. 328 0.853
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Fig. 24 Characterization of minimum detectable TF"
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Characterization of sensing spatial resolution and maximum sensing distance'. (a) Spatial resolution; (b) sensing distance

1P T JE R i) Ak S JE A 2 AT R g Y EEOR L, X —
DI MBS LR AT NA . EITHW
SMF 73 Aii A 1] & A7 1% TR AR B9 14 B 45 A I ¢ 4
BoR

# 4 SMF 734 M 6] & ) 6 27 AL JEOR PE g
Table 4 Performance of SMF based distributed TF fiber-optic sensing

Interrogation ) ) o Maximum Minimum detectable Spatial .
i Sensing medium Sensitivity . Fiber length
technique detectable TF TF resolution
DPA 9.223%x10°* .
. Common SMF . 16.8 N/mm 6.61>x10 *N/mm 3.7 mm 103.5m
(PA-OFDR) RIU/(Nem ')

3.4.5 REHEKEE KGR RG R
38 15 H An ffE SMF 3 3 & 8 62,5 pm 1Y
RNGRER A RIREZ , H AR5 8 v, AT B 2

Wee AR R 1 T T 1 A SR R | T e SR BIF 5 bt A T
J1 LT By S s Bk U B I (FLR S B 0L P IS o 200 X6
M IHATRBERY . E26()HBITH LREE
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Abstract

Significance Force/pressure measurement has always been a focus of attention in many industrial and environmental
structures, medical fields, and defense architectures. It is particularly in high demand in areas such as oil and gas wells and
pipelines, geotechnical engineering, water distribution, and wastewater treatment facilities. Traditional electronic sensors
are not suitable for remote monitoring, and they are sensitive to electromagnetic interference and not easily multiplexed in
large-scale sensor networks. The single-point fiber optic sensor has been successfully commercialized, but in many
important application areas, even dense multiplexed quasi-distributed fiber optic sensing systems cannot meet
measurement requirements. Therefore, there is a strong demand for research on distributed transverse force (TF)/pressure
fiber sensing. However, compared with distributed fiber sensing techniques that can measure parameters such as strain,
temperature, and vibration, the basic technology for distributed TF sensing is lacking. Some indirect measurement
methods using special mechanical structures to convert TF into other parameters face significant issues such as high
complexity, low accuracy, and difficulty in practical application. The development of a direct distributed TF fiber sensing
technology is highly desired. Previous researchers have proposed measurement techniques based on specialty fibers and
single-mode fibers (SMFs) for distributed polarization properties, providing a new idea for distributed TF fiber sensing.
However, due to technical limitations or performance deficiencies in the measurement systems, there have been few

studies on distributed TF fiber sensing based on polarization analysis.

Progress Based on a thorough analysis and study of previous research on distributed TF fiber sensing and potential key
technologies, the authors have taken the lead in conducting research on distributed transverse pressure fiber sensing based

on polarization analysis. The breakthroughs have been made in polarization-maintaining fibers (PMFs) and SMFs-based
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distributed TF measurement and demodulation systems, sensing medium, system performance, and typical applications.

We have constructed a constructed polarization crosstalk analysis (DPXA) system without "ghost peaks", which effectively
eliminates the influence of second-order crosstalk peaks on measurement accuracy (Fig. 3 and Fig. 4). We have also
studied the polarization crosstalk response characteristics of PMFs and the influence of fiber coatings, demonstrating that
polyimide-coated PMF is more favorable for distributed TF fiber sensing (Fig. 6 and Fig. 7). Furthermore, we have
developed the equipment for PMF's axis alignment and sensing tape fabrication (Fig. 8), which enables automated 45°
birefringence axis alignment for fiber sensing tape production (Fig. 9). We have verified the feasibility of distributed TF
fiber sensing using the PMF and achieved high measurement resolution and repeatability (Fig. 12). We explored the
feasibility of using twisted PMF and high-birefringence spun fiber (SF) as TF sensing media without dependence on the
force-applying angle. By utilizing the SF, force-applying-angle-insensitive distributed polarization crosstalk measurement
within 2 dB was achieved (Fig. 16). We have invented and built a high-performance distributed polarization analysis
(DPA) system with full Mueller matrix measurement capability (Fig. 18). This system enables distributed birefringence
measurement in a SMF with high spatial and measurement resolution (Fig. 19 and Fig. 20). We were the first to achieve
direct distributed TF sensing in a SMF (Fig. 21) and obtained excellent sensing performance (Table 1, Fig. 24, and Fig.
25). We validated the feasibility of TF measurement-based monitoring deformations in SMF-embedded composite
materials (Fig. 28) and determined the groove-angles for zero clamping-induced birefringence when fixing the SMF in two

types of V-grooves (Fig. 30).

Conclusions and Prospects The above research findings provide a foundation for the measurement and demodulation
techniques of distributed TF fiber sensing and provide a good overall technical reserve for its continuous promotion to
practical applications. In the future, the development will mainly focus on miniaturization and integration of sensing
demodulation systems, low-cost mass production of PMF and SF, optimization of fiber coating processes, or development
of new coating materials to enhance the sensitivity of TF sensing, practical online applications of distributed TF fiber
sensing, and exploration of new directions. Additionally, the DPA technology has also shown a potential advantage in
monitoring the deformation of SMF-embedded composite materials and characterizing and optimizing birefringence

properties within optical fiber devices and optical equipment. It is also a key direction for future development.

Key words distributed fiber sensing; transverse pressure; polarization analysis; polarization-maintaining fiber; single-

mode fiber
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