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Abstract

This study presents a novel method for twisting compensation in optical shape sensing and first reports on
twisting sensing by using Fiber Bragg Gratings (FBG) inscribed in a spun Multicore Fiber (MCF). A simple
approach, based on Saint-Venant’s Torsion Theory for homogeneous circular cylinders, was developed to
calculate the fiber twisting from the longitudinal strain sensed in the cores and reconstruct three-dimensional
shape taking into account and compensating the twisting, by enhancing the mathematical formulation of the
previous approaches. Then, a 44mm-long pre-twisted fiber optic shape sensor was produced in the Institute for
Telecommunications and Multimedia Applications iTEAM) of the UPV, by writing four FBGs in a spun
multicore fiber (diameter of 125.1 um) with a pre-twisting of 64.9 rotation/meter. Finally, a series of
experiments were performed to validate the method and evaluate the sensor performance. The outcomes of the
experiments, perfectly in accordance with the theory, prove the elastic behavior of the sensor, even at high
levels of deformation. Moreover, the proposed Spun-MCF-based Shape Sensor resulted able to measure
twisting with a sensitivity of 0.23 pm/® and accuracy of 4.81° within a wide dynamic range of + 270° (+
6136.4°/m). These new results can notably enhance the accuracy of fiber optic shape sensors and lead to the
design of new fiber geometries and sensors.

Keywords Spun Multicore Fiber; Twisted Multicore Fiber; Optical Shape Sensing;: Twisting Sensing; Optical Fiber
Sensor; Distributed Sensing

1. Introduction

Optical Fiber Sensors (OFS) have undergone a tremendous expansion over the last few decades
in several different fields [1], such as engineering [2,3], industrial [4], medical [5], chemical [6,7]
and biological [8,9]. The principal reasons behind this substantial growth are their considerable
advantages over their electrical counterparts, including compactness, lightweight, electrically
passive operation, resistance to harsh environments, and multiplexing capabilities. Besides OFSs
have an inherent capability to sense a variety of measurands (as defined by [10]) in continuous
development, such as strain [11,12], temperature [7], moisture [13], vibrations [14], chemical agents
[9], and many others [15], using the optical fiber itself as a sensor.

One of the current frontier of the fiber-optic sensing technologies is shape sensing [16], which
has been an area of great interest for many researchers and consists in the possibility to dynamically
track position and shape of an optical fiber. Fiber Optic Shape Sensors (FOSS) consist of optical
Multicore Fibers (MCF) (or sometimes multi-fiber cables, with the same section geometry but larger

* Corresponding author.
E-mail address: joadmar@upv.es (J.M. Adam)



39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81

82

83
84

Floris et al / Mechanical Systems and Signal Processing 2

core spacing) capable of sensing multidimensional curvature along the sensor’s length, by
comparing the longitudinal strain detected in different cores, and, hence, reconstructing shape [17].

Since curvature sensing using Fiber Bragg Gratings (FBG) inscribed in different cores of a MCF
was first reported almost 20 years ago [18], a lot of progress has been made in this new branch. The
two-dimensional shape of a multicore fiber was estimated based on distributed strain measurement
[19,20]. An innovative approach for the three-dimensional shape reconstruction of a multicore
optical fiber based on the numerical integration a set of Frenet-Serret equations was proposed by
Moore et al. [21]. Fiber-optic shape sensing based on FBGs written in a MCF was employed in
catheters, needles and minimally invasive surgery systems [5,22,23]. Tunnel monitoring was
performed using multicore fiber displacement sensor [24]. Barrera et al. demonstrated a multicore
optical fiber shape sensors suitable for use under gamma radiation [25].

Regrettably, due to the high flexibility, FOSSs are subject to twisting, in addition to bending and
longitudinal strain. The twisting notably reduces the shape sensors’ accuracy, causing significant
uncertainty in the bending direction determination, when performing 3D shape sensing.
Notwithstanding the vast amount of research conducted on shape sensing, this problem has not been
addressed yet in an adequate manner. Tan et al. developed a torsion sensor based on inter-core mode
coupling by tapering a multicore seven-core fiber [27]. Notwithstanding the innovation of this
approach, it cannot be employed for shape sensing, since the fiber structure becomes
inhomogeneous due to the tapering. Askins et al. first investigated the twisting of optical fibers using
a tether fiber [26]. Despite its remarkable novelty, such research is not representative of the
overwhelming majority of fiber optic shape sensors, consisting of MCF, and does not provide any
information about the behavior of these sensors at high levels of twisting deformation, since only
analyzed a limited dynamic range of twisting rotation, between +600°/m. Twisting measurement
using MCF is an extremely arduous task due to the littleness of the state of strain generated, as a
result of the small core spacing. In order to overcome this limit, the multicore fiber could be pre-
twisted to increase the twisting sensibility. In this respect, recent progresses in fabrication techniques
have made possible the manufacturing of spun/twisted multicore fiber with very small spin pitch,
20mm (50 turn/m) [28] and even 15.4 mm (64.9 turn/m) [29,30], although their performance have
not been investigated in depth. Nevertheless, an in-depth study focused on the performance of this
new special multicore fiber is still missing.

The present work shows an innovative method to compensate the twisting of FOSSs and, thereby,
enhances the accuracy in 3D shape reconstruction in presence of fiber twisting, by employing a spun
multicore fiber (also called twisted multicore fiber), with one of the most used geometry for sensing
applications: the seven-core fiber. The novelty of this research comes from: 1) the development of
new and simple mathematical approach to calculate the twisting of multicore fiber based on the
Saint-Venant’s Torsion Theory for homogeneous circular cylinders; 2) the enhancement of one of
the most used approaches for three-dimensional shape reconstruction in order to take into account
the fiber twisting and automatically compensate it; 3) an experimental study carried out to
successfully corroborate the mathematical approach and to evaluate the performance of optical
shape sensor manufactured employing an innovative multicore spun fiber. Therewith, this research
first demonstrates twisting sensing based on spun MCF shape sensor and illustrates the strong
influence of the core spacing and spin pitch on the accuracy of pre-twisted multicore sensor in
twisting sensing, laying the foundation for the design of new fiber geometries and new sensors.

2. Shape sensing with twisting compensation

This section illustrates an innovative approach, based on the Saint-Venant’s Torsion Theory for
homogeneous circular cylinders, to calculated the multicore fiber twisting from the longitudinal
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strain of sensed in fiber cores and presents an enhancement of the method, proposed by Moore and
Rogge [21], in order to reconstruct shape in presence of fiber twisting using spun MCF.

2.1. Twisting sensing

An optical fiber, subject to pure torsion/external twisting, which must not be confused with the
geometric torsion 7, can be studied as a circular cylinder that has one fixed end and the other rotates
of an angle 6. Hypothesizing that the fiber has perfectly elastic behavior, plane sections remain
plane, radii remain straight and cross sections remain plane and circular, it is possible to apply the
Saint-Venant’s Torsion Theory for homogeneous circular cylinders [31]. Thereby, the sensor is in
a state of pure shear and the shear strain y in an element of the sensor is given by Eq. (1).

e
yY=r (1)

where r is the radial distance of the element from the sensor axis and dé/ds represents the rate of
change of the angle of twisting. Since every cross section has the same radius and is subjected to
the same torque, the angle 6(s) varies linearly between extremities and d6/ds is constant.
Furthermore, the shear strain varies linearly with 7, from zero at the centerline to a peak value at the
free surface.

To calculate the longitudinal strain in a core, distant » from the axis, it can be considered that the
cores, initially straight, become circular helices (d6/ds is constant) due to twisting, as shown in Fig.
1.

Twisting

Fig. 1. Twisted multicore seven-core fiber.

The length of a core in a twisted multicore fiber can be calculated as the length of a circular helix
by Eq. (2):

x =VhZ + 1262 )

where x is the length of the core, / is the length of the sensor and r is the distance of the core
from the sensor axis and the reciprocal distance between the closest outer cores, generally called
core-to-core spacing or, simply, core spacing.

Thus, the longitudinal strain of the cores due to twisting can be calculated from the definition of
strain (Eq. (3).
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x—h _ Vh2+r20%2-h

=22 YVITPTR 3)
h h

As it can be noticed from (3), the longitudinal strain is remarkably influenced by the core spacing,

length of the sensor and angle of twisting being the same. Moreover, the central core is not affected

by the twisting, since its axis coincides with the sensor axis. Fig. 2 shows the variation of

longitudinal strain due to twisting of an outer core in relation to core spacing and twisting angle per

meter.

Longitudianal strain due to twisting vs Twisting Angle
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Fig. 2. Longitudinal strain due to twisting in relation to core spacing and twisting angle.

When performing three-dimensional shape sensing, the sensor is not only subject to twisting but
also to bending, axial strain and thermal expansion. In this case, the component of strain due to
twisting, s, can be calculated as defined in Eq. (4).

n outer
— Zi=1%;
Etwist = (n-1) — Ecentral 4)

where ¢°%" is the strain of the i-th outer core, &..nrar 1S the strain of the central core and 7 is the
number of cores.

Eq. (4) is valid for the seven-core section geometry studied in this research and for all the section
geometries with a central core and several outer cores, equidistant form the sensor axis and with
equal angular spacing between them, such as the four-core and five-core section geometries with,
respectively, 3 and 4 outer cores and 1 central core.

Finally, the angle of twisting can be calculated from the strain sensed in the cores, combining (3)
and (4), as defined in Eq. (5).

h2&2, e +2h% ey
0 :J twist twist (5)

r2

It has to be pointed out that the longitudinal strain generated in the outer cores by the twisting of
a non-twisted multicore fiber does not depend on direction of rotation. In other words, the twisting
of a non-twisted MCF of an angle —0 or +6 always produces a positive longitudinal strain variation
of the outer cores, making impossible to distinguish the sense of twisting rotation from the strain
detected in the cores. To avoid this problem, a spun/pre-twisted MCF has to be used. Thereby, a
twisting rotation in the direction concordant with the pre-twisting rotation produces an elongation
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of the outer cores, while, a twisting in the opposite direction, produces shortening. Furthermore,
using a spun multicore fiber is also possible to increase the sensor sensitivity to twisting, as shown
in Fig. 3 for a multicore fiber with core spacing of 35 um.

Spun MCF - Core Spacing = 35.0 ym

350 | Ty
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Fig. 3. Longitudinal strain due to twisting and fiber sensitivity to twisting in relation twisting angle for a multicore
fiber with core spacing of 35 pm.

2.2. Shape reconstruction with twisting compensation

Fiber optic shape sensors are OFSs with multiple cores and embedded strain sensors. Under the
Kirchhoff’s rod hypotheses [32], the longitudinal strain of the fiber and the three-dimensional
curvature along fiber’s length can be calculated from the strain sensed by the cores, using the Eqgs.
(6), (7), and (8) [17,33-35].

€long = Z?zl g /n

Ky = Dfoq %€ [ Xiey xF (6)
Ky = Yiz1 Vi /Z?:ﬂ’iz

k| = /K,%+K§ (7

a = tan~ ' (K, /Kcy) )

where &g is the longitudinal strain, «y, x, and |«| are the two components of curvature and the
curvature magnitude, x;, y; and &; are, respectively, the coordinates and the strain of the i-tk core,
and a is the bending direction angle, which defines the bending direction.

Once calculated the fiber twisting along the fiber, its effects can be compensated by applying the
superposition principle and correcting the bending direction angle in each instrumented section
according to Eq. (9).

a=a-—0 )

where o is the compensated bending direction angle.

Hence, by mean of interpolation or curve fitting [21,36], the functions of curvature, x(s), and
torsion, 7(s), along the fiber can be determined respectively from curvature and from the bending
direction angle (see Egs. (9) and (10)).
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dar

(s) =% (10)

ds

Finally, the 3D shape of the sensors can be obtained through numerical integration of the Frenet-
Serret formulas (Eq. (11))[21]:

T 0 «k O[T
N|=|-x 0 <z|[N (11)
B’ 0 -t 0llB

where T, N and B are, respectively, the tangent, normal and binormal vectors.

It is worth noting that the approach here presented is valid for several optical strain sensing
technologies, including FBGs, Brillouin and Rayleigh scattering, and for different number of cores
and sensor geometries, including multi-fiber shape sensors and multicore fiber shape sensors.
Nonetheless, this research is only focused on multicore fiber shape sensors, since they are the most
used [5,17,21,23], thanks to their compactness, ease of handling and availability, being employed
for communication purposes.

It is also worth pointing out that, when it is valid the assumption of absence or negligibility of
external twisting/torsion, its compensation can be omitted, for instance when the shape sensor is
fastened to a rigid support, although this would limit its handiness and compactness and restrict its
possible applications. Whereas, in general cases, if not compensated, the twisting leads to
remarkable uncertainty in the determination of the bending direction and drastically reduces the
accuracy of the sensor in performing three-dimensional shape sensing.

3. Spun fiber optic shape sensor fabrication

A pre-twisted fiber optic shape sensor was produced in the Institute of Telecommunications and
Multimedia Applications (iTEAM) of the Universitat Politecnica de Valéncia (UPV) by writing
Fiber Bragg Gratings in a spun 7-core multicore fiber (see Fig. 1) with a spin pitch of 15.4 mm (64.9
rotation/meter), manufactured and provided by FIBERCORE Ltd. [29,37]. The fiber had seven
single-mode cores (mode field diameter of 6.4 um and numerical aperture of 0.2) with doubly
symmetric configuration (60° of angular spacing and core spacing of 35 pm) and a cladding
diameter of 125.1 pm.

The spun multicore fiber was hydrogen-loaded for 14 days at ambient temperature and at a
pressure of 20 bars with the purpose of improving the photosensitivity. Afterward, four FBG were
inscribed in a 44mm long portion of the fiber by means of a 244 nm CW frequency-doubled argon-
ion laser with 60 mW output power using the phase-mask method [38]. The size of the laser beam
was adjusted in order to reach all cores and the inscription was carried out simultaneously in the
seven cores.

4. Experimental setup
Fig. 4 illustrates the experimental setup. The pre-twisted fiber optic shape sensor was fastened

with two fiber rotators, situated at 44 mm distance from one another and assembled on multi-axis
stages for nano-positioning.
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Fiber rotator

Fig. 4. Experimental setup.

First, the left fiber rotator was turned from 0° to 270° in the direction coherent with the pre-
twisting and, then, moved back to the initial position. This sense of rotation is defined positive
because stretches the outer cores. Thereafter, the right rotator was rotated between 0° and -270° in
the negative sense of rotation, which shortens the outer cores. The sensor was interrogated by using
a Static Optical Sensing Interrogator (sm125) combined with a Channel Multiplexer (sm041)
(Micron Optics).

5. Results and discussion

The pre-twisted multicore shape sensor was placed on the fiber rotators and the core spectra were
recorded. Then, the FBG peaks were tracked during the experiments and their wavelength shifts
were calculated and converted into strain, dividing them by a gauge factor value of 1.2 pm/ue,
obtained from several tensile tests and in accordance with the literature [39]. The spectra of the
seven cores are plotted in Fig. 5.

Sensor Spectra

Transfer Function [dB]
A
=]

1525 7
1550

1575
Wavelength [nm] 1600 1 2 Core Number [-]
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223 Fig. 5. Core spectra (the central core is the core number 1, while the cores from 2 to 7 are outer cores ordered in
224 clockwise direction).
225 With the aim of evaluating the accuracy of the sensor in measuring twisting, the strain of the

226 cores was tracked, while the sensor was being twisted in the positive and negative sense of rotation,
227  considering as positive the direction of rotation that elongates the outer cores. The values of twisting
228 angle applied during the experiments and the resulting values of strain of the outer core due to
229 twisting, calculated in accordance with the theoretical approach presented in Subsection 2.1, are
230 listed in Table 1.

231 Table 1. Inputs and outputs of the experiments according to the theoretical approach presented in Subsection 2.1.
Twisting Twisting and Fiber Oute.sr cores strain Outer cores strain
Test n° rotation pre-twisting spin pitch Va.m.'tmn due to variation due to
[°] rotation [rad] [mm] anst}ng and pre- twisting [pe]
twisting [pe]
0 0 17.95 15.40 101.95 0.00
1 5 18.04 15.33 102.95 0.99
2 10 18.13 15.25 103.95 1.99
3 15 18.21 15.18 104.95 3.00
4 20 18.30 15.11 105.96 4.00
5 30 18.48 14.96 107.99 6.03
6 40 18.65 14.82 110.04 8.08
7 50 18.82 14.69 112.11 10.15
8 60 19.00 14.55 114.19 12.24
9 90 19.52 14.16 120.57 18.62
10 120 20.05 13.79 127.13 25.18
11 150 20.57 13.44 133.86 31.90
12 180 21.09 13.11 140.76 38.80
13 210 21.62 12.79 147.83 45.88
14 240 22.14 12.49 155.08 53.12
15 270 22.66 12.20 162.50 60.55
0 0 17.95 15.40 101.95 0.00
1 -5 17.86 15.48 100.96 -0.99
2 -10 17.78 15.55 99.98 -1.97
3 -15 17.69 15.63 99.00 -2.95
4 -20 17.60 15.71 98.03 -3.93
5 -30 17.43 15.86 96.09 -5.86
6 -40 17.25 16.02 94.18 -7.78
7 -50 17.08 16.19 92.28 -9.67
8 -60 16.90 16.35 90.41 -11.55
9 -90 16.38 16.88 84.89 -17.06
10 -120 15.86 17.43 79.55 -22.40
11 -150 1533 18.03 74.39 -27.57
12 -180 14.81 18.67 69.39 -32.56
13 -210 14.29 19.35 64.57 -37.38
14 -240 13.76 20.09 59.93 -42.03
15 -270 13.24 20.88 55.45 -46.50

232
233
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Fig. 6 shows the comparison between the predicted values and the outcomes of the experiments.
The experiments results are perfectly consistent with the outputs of the theoretical approach,
proving that the hypotheses of the Saint-Venant’s Torsion Theory hold in this problem and that the
fiber has elastic behavior even at high values of deformation. The sensor was able to detect the fiber
twisting with an average sensitivity of 0.23 pm/° and an accuracy of 4.81° within a wide dynamic
range of = 270° (+ 6136.4°/m), while the a maximum error was of 13.53°.

Difference of strain between central and outer cores vs Twisting Angle

) = e e e

i}
o

40t

201

|:| !

=20 |
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40 - & Experiment reguits |-
Fredicted values

B0 L 1 L 1 L ! L 1 L ' 1
270 -225 180 135 80 45 0 45 80 135 180 225 270
Twisting Angle [7]

Fig. 6. Comparison between predicted values and experiment outcomes.

It has to be highlighted that, even though the fiber has a perfectly elastic behavior, the
relationship between strain and twisting angle is a nonlinear and monotonically increasing function,
as shown by Eq. (5) and Fig. 6. In the light of this, the sensitivity of the sensor to twisting as well
as its accuracy grow with the increasing twisting and pre-twisting rotations (decreasing spin pitch).
Consequently, the performance of the sensor can be improved by increasing the pre-twisting
rotation, in addition to increasing the core spacing (see Eq. (9)). Moreover, it has to be emphasized
that no temperature compensation was necessary, since the distance between the cores of the spun
multicore fiber is extremely small (35 um) and, therefore, it can be assumed that the temperature is
constant in the section.

6. Conclusions

This paper reports on experimental study carried out to investigate the performance of an
innovative spun-MCF-based fiber optic shape sensor in twisting sensing and presents a simple
method enhance the accuracy in shape sensing, by compensating the fiber twisting.

The outcomes of the experiments, perfectly consistent with the theory, first demonstrate that
optical shape sensors based on spun multicore fiber are efficiently able to sense twisting and prove
the perfectly elastic behavior of the fiber, even at high levels of twisting deformation, assumption
underpinning the Saint-Venant’s Torsion Theory. Altogether, the sensor, long 44 mm, was able to
sense twisting with a sensitivity of 0.23 pm/° and accuracy of 4.81° within a wide dynamic range
of £ 270° (+ 6136.4°/m).

In addition, this research, by defining the influence of core spacing and spin pitch on the accuracy
of pre-twisted fiber optic shape sensor in twisting sensing, lays the foundations for the design of a
new generation of optical shape sensors.
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