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Fig.2 Schematic diagram of the seven-core optical fiber sensing principle. (a) Curvature; (b) Torsion
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Fig.3 Schematic diagram of 3D shape reconstruction
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Research on shape sensing performance and reconstruction error of

multi-core fiber grating

Zhou Yong, Hu Wenbin’, Cheng Pu, Ye Hongrui, Guo Donglai, Yang Minghong

(National Engineering Research Center for Optical Fiber Sensing Technology and Network, Wuhan University of
Technology, Wuhan 430070, China)

Abstract:

Objective At present, shape sensing technology based on multi-core fiber grating is mainly divided into two
categories, one is the optical frequency domain reflectometry (OFDR) demodulation technology based on the all-
same weak grating. The other is multi-core grating or integrated grating shape sensing technology based on
wavelength demodulation mode, and the multi-core grating array sensing system based on wavelength
demodulation mode has the advantages of small size, high signal-to-noise ratio, fast acquisition speed and high
real-time demodulation. In view of the diverse shape sensing needs in the actual application, the multi-core
grating array multi-core sensing system using wavelength demodulation can be flexibly configured according to
the actual needs of the number and spacing of the grating, which can realize the shape monitoring of the measured
object with more flexible sensing distance and more diverse shape change span, which has a wider application
prospect. However, because the multi-core grating measurement point cannot be continuously in space, the shape
of the blank grating area between the measurement points cannot be obtained, and there is a blind zone of the
measurement point. In practical applications, in order to improve the accuracy of shape sensing, it is necessary to
study the shape deformation characteristics of the object to be measured, and design a reasonable grating
distribution configuration scheme under the premise of taking into account the measurable key points and the full
range of measurable areas to be measured.

Methods Based on the strain sensing characteristics of seven-core fiber gratings, this paper adopts a three-
dimensional shape reconstruction method based on homogeneous transformation matrix to reconstruct the shape
of two seven-core fiber gratings with different grating spacing, solve the curvature and torsion of the region where
the grating measurement point is located by the relative change value of the wavelength of the grating point, and
obtain the curvature and torsion of the blank grating region between the FBG measurement points by cubic spline
interpolation, and finally integrate the curvature and torsion of all points into the same coordinate system. The
three-dimensional shape reconstruction of the object to be measured is realized. In order to explore the influence
of grating spacing on shape reconstruction accuracy, the three-dimensional shape reconstruction error under
different grating spacing based on this algorithm principle is simulated by algorithm programming, and the
experimental verification is completed by building a three-dimensional shape sensing system, and the rationality
of the error and simulation error in the experiment is discussed.

Results and Discussions The simulation calculation selects the raster spacing L of 12.5 ¢cm, 10 cm, 8 cm, 5 cm

and 1 cm, and plots the 3D reconstruction curve and the real curve under these raster spacing. Both the simulation
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assumes that the curvature and torsion measurement error of the gate measurement point is 0. The results show
that when the grating spacing L is 12.5 cm, 10 cm, 8 cm, 5 cm and 1 cm, the spatial position error shows a gradual
increasing trend with the length of the fiber, and the larger the grating spacing is, the larger the error is. The
maximum reconstruction error falls at the end point of the analog length, which is 7.75 c¢m, 4.35 cm, 2.63 cm,
0.94 cm and 0.25 cm, accounting for 4.8%, 2.7%, 1.6%, 0.6% and 0.16% of the total length (Fig.4). In the
experiment, a grating string with a grating spacing of 5 cm and 10 cm was selected to carry out a three-
dimensional shape sensing experiment. The experimental results show that the reconstructed three-dimensional
shape matches the real shape well (Fig.7). The maximum error at a raster spacing of 5 cm is 1.15 cm, accounting
for 1.4% of the total length, and the average error is 0.62 cm, accounting for 0.8% of the total length. The
maximum error at a raster spacing of 10 cm is 2.56 cm, accounting for 3.2% of the total length, and the average
error is 1.32 cm, accounting for 1.7% of the total length (Tab.1).

Conclusions Whether it is simulation or experimental verification, the overall trend of error value and relative
length of the object to be measured is in line with the trend of linear growth. The maximum error points all occur
at the end point. By establishing the variation relationship between the raster spacing and the slope of the linear
fit, the correspondence between different raster spacing and the 3D reconstruction error can be explored.
According to this relationship, the three-dimensional shape reconstruction error of any grating spacing and any
length of optical fiber under similar shapes can be predicted, so that the appropriate grating spacing and
demodulation method can be selected in combination with specific application scenarios, reasonable allocation of

measurement point resources, and improvement of detection performance in a lower cost range.
Key words: fiber shape sensing; = multi-core fiber;  Bragg grating;  numerical simulation;  grating pitch
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