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Fig. 1 Schematic diagram of sensor structure. (a) Cross section of detection point;(b)(c) schematic diagram of curvature and bending

direction detection
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Fig. 2 Schematic diagram of spatial curve reconfiguration
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Schematic diagram of laying angle deviation and calibration error of FBG. (a) Schematic diagram of FBG laying angle deviation;

(b) schematic diagram of FBG calibration error
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Table 1 Laying angle deviation and calibration correction
coefficient
Data NG/ () H,
group  FBGa FBGb FBGce FBGa FBGb FBGe
Data2 —10.14 —9.73 —4.96 0.98 0.98 1.03
Data3  4.92 9.65 4.93 1.02  0.99 0.98
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Fig. 7 Error correction results of curvature and bending direction. (a) Curvature;(b) bending direction

4 SIER i

4.1 fERBEHE

AT IR 2Z B IEEA M, & T —#
FBG JE IR G & # . WREBRBWAERKEN
465 mm, F AR HAA R 1 mm K BN 517 mm 158
BB 422 (SMA) , SMA BE W8 76 78 I Ji % & H R IR 1
AR, B L IO 27 K 309 Ak T 7 o i 3 R 4 RS
SR B = AN FBG BB S 50H R, B4 FBG [ 37
FLAE A 250 pm, M IX K B A 13 mm, 45 8] B %04 54>
FBG, 25 [a] 4% ¥ % 2 100 mm, 2 o0 ok & 4 9k
1530.,1535.1540.1545.1550 nm, & JH 7 = R 3 4 &
A L,FBG Z15 i X L4 5

T B FBG I ARAL IR AR R 3D 4T EDEE R %
THT M B e H AR E T H . Jedp B K s
(a) 7R, RASE ) FBG 8% 1 5 o T 240 1% 8(c)
fros, U6 FBG B A5 & F il 18 8(e) - 4 1
A 50 mm . EH AR S mm BB B B, T S A 2 A
A3 2 /K 13. 5 mm N 5 mm 7S IE 5

GRS RAE 5 Je e B — 350, T I il 4% B4
B 25 7 1) 5 2 F 3o B AR 10 mm K JE 20 mm Y Bk A9
BhOE AR R E RS A A WNFLERE S BN 5 mm
2 mm, T HEBAME 1 2 gl fF4; 44 4 7K 50 mm.
B 2 mm (A, BT g A 3 AL 554144 5
SPRGES A3 —30, & A WFLE AR08 2 mm F
1 mm, T & E4F 4 FERER A £ 24 .

B e SMA i A JEM - e Fr e & L R 5 AL
s s T HBE H 9 i [ 52, 2 J5 DA 3 28 A FBG [R5 .
BRI FBG B8 [ %2 b 22 05, R A S0 A s HAN
TERR R A A2z 3™, b 8] e & T IR TR e
JBE 7K 85 1 5 P e 4 2 1) 7 ity Y B, L B R R K
SEYANE 8(d) T an o B JE BUT Je Rk B, AL A B e
58
4.2 FBGHERFHEAEREMRERERE

FBG JE AR AR J 25 i 1 58 BUS X 45 A~ FBG #4745
FELBRESLR ARG E 9 FiR . B 9(a)Hh RGEFEEH
FBG JE AR AL AR b a2 M RO i A L 28 e AR HL i 4
Mo AroE M b2 A %R 2,5/3,10/7.5/4.10/9.

2228002-6



&5 43 % % 22 H1/2023 £ 11 B /%3340

®)

© .
-_— @ =5 —a
1 2 3 4 5

K8 TR A% I s e R B AT o () BE R DL 2T Je i B 5 (b) AR I I 78 28T 5 () AR 8 TR (D FBG TR AR 24l
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Table 2

correction coefficient of FBG at detection points

Laying angle deviation and calibration relationship

Detection FBGa FBGb FBGe
point ANO/C°) P ANG/CC) P AG/(T) P
Pointl 1.87 0.97 4.39 1.02 1.33 1.06
Point2 —3.50 1.03 —5.56 0.99 8.40 0.95
Point3 4.06 1.05 —9.70 1.02 1.79 1.01
Point4 5.28 0.97 7.81 0.97 —3.22 0.96
Point5 —8.30 1.11 —3.80 0.96 —5.83 1.04
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Fig. 10 Shape reconfiguration experiment. (a) Arc; (b) hyperbola; (c) spiral
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Fig. 11 Shape reconfiguration results. (a) Arc; (b) hyperbola; (c¢) spiral
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Table 3 Reconfiguration errors of arc shapes with different curvatures
Tail point reconfiguration error
Curvature -
. Uncorrected Corrected
k/m
Absolute error /mm Relative error /% Absolute error /mm Relative error /%
2 10. 80 2.54 3.96 0.85
10/6 11.43 2.46 4.25 0.91
10/7 11. 66 2.51 4.43 0.95
1.25 11.72 2.52 4.38 0.94
10/9 10. 67 2.29 4.61 0.99
1 12.50 2.69 5.34 1.15
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Abstract

Objective FBG shape sensors have become a research hotspot in optic fiber sensing. Compared with other shape
reconfiguration technologies, they have a series of advantages such as compact structure, high flexibility, resistance to
harsh environments and corrosion, and reusability. With the development of FBG shape sensing technology, the
requirements for the reconfiguration accuracy of frequency selective surface are more stringent. The laying angle deviation
and calibration error of FBG seriously affect the measurement accuracy of curvature and bending direction, resulting in
errors in the shape reconstruction of FBG shape sensors. At present, the calibration coefficient or calibration matrix is the
main method to correct the measurement curvature and error bending direction errors. Based on the quantitative analysis of
experimental processes, this method reduces the experiment randomness through repeated operations. There are problems
such as high experimental complexity, insufficient applicability and experimental repeatability, and lack of strict theoretical
model support. Therefore, it is necessary to study the correction methods of measurement curvature error and bending
direction errors caused by the FBG laying angle deviation and calibration error and propose a more adaptable, more

convenient, and smarter error correction method.

Methods We build a curvature and bending direction error correction model of the FBG shape sensor and a self-correction
model of FBG laying angle deviation and calibration error. According to the Frenet-Serret framework, the functional
relationship between the curvature and bending direction of the detection point with the FBG laying angle deviation and
calibration error is deduced. An improved artificial rabbit optimization (ARO) algorithm is adopted to self-correct the FBG
laying angle and calibration coefficient of the shape sensor, which is performed during calibration. Then, the corrected
laying angle and calibration coefficient are substituted into the error correction model to correct the curvature and bending
direction of the detection point. Meanwhile, ANSYS simulation and self-made shape sensor reconfiguration experiments
are employed to verify the error correction model. During the experiment, the FBG shape sensor is fixed into different
shapes by the 3D printed model, the sensor shape is reconstructed by the curvature and bending direction after error

correction, and the reconstruction results are compared with those without error correction.

Results and Discussions The self-calibration model, curvature error correction model, and bending direction error
correction model are verified by the simulation model under different FBG laying angle deviations and calibration errors.
The results show that the self-calibration model can simply and efficiently optimize the laying angle deviation and
calibration coefficient of FBG (Table 1), and substituting the optimized parameters into the correction model improves the
measurement accuracy of the curvature and bending direction of the detection point (Fig. 7). The model practicability is
verified by the self-made FBG shape sensor reconfiguration experiment. After laying angle deviation and calibration error
correction, the measurement error of curvature and bending direction is reduced, with improved reconstruction accuracy of
the FBG shape sensor. The tail point reconfiguration errors of the shape sensor in different forms are reduced from
11.66 mm, 14.42 mm, and 22. 6 mm to 4. 43 mm, 5. 67 mm, and 9. 57 mm respectively, and the relative errors are from
2.56%,3.1%, and 4.96% 10 0.95%, 1.22%, and 2. 06 %

Conclusions We propose the correction model of measurement curvature error and bending direction error of FBG
shape sensors. The functional relationship between the measured curvature and bending direction and FBG laying angle
and calibration coefficient is deduced theoretically, and a new calculation method for curvature and bending direction is
proposed. Additionally, we build a self-correction model based on the ARO optimization algorithm to solve the difficult
correction of FBG laying angle deviation and calibration error. We validate the self-correcting and error-correcting

models using simulations and shape reconfiguration experiments. The results show that the proposed method can
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simply and effectively correct the curvature and bending direction of the detection point, and further improve the
reconfiguration accuracy of the shape sensor. We propose a new calculation method of curvature and bending direction,
and a new calibration coefficient of FBG and a correction method of laying angle deviation. This method is simpler and
more efficient than the existing methods, greatly improving the operability and reproducibility of experiments.
Meanwhile, it can obtain the bending direction with less measurement data, which reduces the complexity of

experiments and data processing.

Key words shape reconfiguration; fiber Bragg grating; error correction; population optimization
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