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Abstract

This paper compares the performance of optical Multicore Fibres (MCFs) with inscribed Fibre Bragg
Gratings (FBGs) used as curvature and shape sensors in relation to strain sensor length. Two fibre optic
shape sensors, consisting of FBGs written in standard optical multicore fibre (diameter 124.5 um), were
assembled in the Institute for Telecommunications and Multimedia Applications (TEAM) of the Universitat
Politécnica de Valéncia. The optical sensors were then positioned on an aluminium mould and quasi-
distributed curvature and shape sensing were performed to compare the accuracy of the arrays. It was found
that the MCF shape sensor performance strongly depended on FBG length and that sensors based on long
FBGs were significantly more accurate, showing that long FBGs can considerably improve shape sensor
accuracy at equal grating densities and achieve substantially better performance. This is a great advantage
when wavelength division multiplexing is used, when only a limited number of usable FBGs can be applied.
These new results, applicable to both multiple single-core optical fibres and multicore optical fibres with
embedded quasi-distributed strain sensors, show the connection between strain sensor length and accuracy,
hardly taken into account in previous studies, and lay the foundation for the design of new long-FBG-based
shape sensors.

Keywords:Optical Fiber Sensor, Distributed sensing; Multicore Optical Fibre; Bending/Curvature Sensor; Optical Shape
Sensing.

1. Introduction

Fibre Bragg Gratings (FBGs) have been extensively used as strain and temperature sensors[1,2],
since they were first proposed in the late 1980s [3]. FBG sensors have many engineering
applications [4-9] thanks to their advantages over electric sensors, including: intrinsic safety,
multiplexing capabilities, immunity to electromagnetic interference (EMI), resistance to radiation,
chemicals and harsh temperatures, light weight and compactness.

Fibre Optic Shape Sensors (FOSS) consist of multiple-core optical cables (a central core and
several external cores equally spaced from the sensor axis) with embedded quasi-distributed strain
sensors such as FBGs and allow the calculation of local bending (curvature and bending direction)
along the fibre based on the strain detected in each core. The 3D fibre shape can thus be
reconstructed from the bending parameters [10]. In this way, a cost-effective, compact and
monolithic fibre-optic array can be obtained for continuous high-precision 3D shape sensing.

* Corresponding author.
E-mail address: joadmar@upv.es (J.M. Adam)
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Curvature and shape sensing by Multicore Fibres (MCFs) are attractive for a number of
medical, industrial, civil and defence related applications [11,12]. Villatoro et al. reported on an
ultrasensitive bending sensor based on a MCF to monitor the verticality of towers, bridge piles,
and buildings [13]. A two-axis temperature-insensitive accelerometer was developed from a
multicore FBG bending sensor [14].Westbrook et al. developed a continuous MCF-based shape
sensor for distributed sensing applications [15]. Larkin and Shafer filed a patent in 2011 for a
completely robotic surgical system through optical fibre bending sensor based on FBGs [16].
Moon et al. developed an MCF-based ultrathin shape sensor for minimally invasive surgery [17].
MacPherson et al. first demonstrated a multicore fibre displacement sensor with inscribed FBGs
for tunnel monitoring [18]. A curvature and shape MCF sensor for continuum robotics was
manufactured in 2018 using Draw Tower Gratings (DTG®s) [19]. Khan et al. reported on the
development of a shape sensor for flexible medical instruments based on a multicore optical fibre
with Bragg gratings [20].

This paper reports on an experimental study carried out to identify the influence of FBG length
on optical shape sensor performance. Two optical shape sensor arrays were assembled in the
Institute of Telecommunications and Multimedia Applications (iTEAM) of the Universitat
Politécnica de Valéncia (UPV) by writing 1.5 and 8.0 mm-long Bragg gratings in a standard non-
twisted homogeneous 7-core fibre (diameter 124.5 um) [21]. The sensors were then placed in an
aluminium mould and tested by an Optical Spectrum Analyser (OSA) based on Wavelength
Division Multiplexing (WDM) analysis.

It was found that at the same FBG density the long-FBG-based shape sensor achieved
remarkably better accuracy in the entire shape reconstruction process, including strain sensing,
curvature calculation and shape integration. Long FBGs can thus notably enhance optical shape
sensing accuracy. They are especially useful when FBG density cannot be increased to improve
shape reconstruction efficiency, as in WDM analysis, one of the most widely used techniques
thanks to their low-cost and high-speed data acquisition, and when the number of usable gratings
is limited. However, substituting long FBGs for the short variant can also give better shape
reconstruction accuracy in Optical Frequency Domain Reflectometry (OFDR), which can
interrogate thousands of gratings [22] with an equal number of strain sensors. Although only
multicore fibre sensors were considered, the outcomes are also applicable to optical shape sensors,
needles and inclinometers composed of multiple mono-core optical fibres with embedded strain-
sensors, which have the same geometry as multicore fibres, but greater core spacing to achieve
higher precision [23-27].

This paper first demonstrates the relationship between MCF-based shape sensor accuracy and
FBG length and then describes the remarkable benefits of strong gratings and hence lays the
foundations for the design of more accurate shape sensors.

2. Sensing system and principles
2.1. Shape sensors fabrication

The shape sensors were assembled in the Institute of Telecommunications and Multimedia
Applications (iTEAM) of the Universitat Politécnica de Valéncia (UPV) by inscribing four FBGs
with a length of 1.5 mm and 8.0 mm (equally spaced along a length of 45mm) in a commercial
seven-core MCF from Fibercore Ltd. [21]. The fibre had a cladding diameter of 124.5pum and
seven cores with doubly symmetric configuration (see Fig. 1): one central core and six external
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3 Floris et al./ Optics and Lasers in Engineering

cores equidistant from the fibre axis (core spacing 35 um) and 60° of angular spacing. Each core
had a mode field diameter of 6.4 pm and a numerical aperture of 0.2.

Fig. 1. Seven- core MCF cross section [21]

In order to enhance photosensitivity, the fibre optic was hydrogen loaded for two weeks at
ambient temperature and a pressure of 20 bars. The phase-mask method [1] was used to inscribe
the fibre Bragg gratings by a 244 nm CW frequency-doubled argon-ion laser with 60 mW output
power. The spectrum of the central core of both sensors is shown in Fig. 2.

Spectrum Comparison
T T T

Long FBGs
Short FBGs

Transfer Function [dB]

_60 1 1 1 1 1 1 1
1510 1520 1530 1540 1550 1560 1570 1580 1590

Wavelength [nm]

Fig. 2. Spectrum comparison of the two sensors with long and short FBGs.

2.2. Shape reconstruction

Optical Fibre Sensors (OFS) with multiple cores and embedded strain sensors have shape
reconstruction capabilities. Kirchhoff’s rod hypotheses (which state that the cross sections remain
plane and normal to the centreline and that the centreline is inextensible [28]) are applicable to the
present study (negligible shear deformation) and can be used to define the relationship between the
deformed fibre frame and 3D curve frame along the sensor length, when the fibre optic cable is
bounded at one extremity in the absence of friction [29].

Under the assumptions of the elastic rod theory, the strain varies linearly along each section
when the fibre is bent and external torsion/twisting is avoided (there is no local twisting). This
torsion/twisting should not be confused with the geometric torsion 7. If twisting cannot be
prevented, the torsional strain can be calculated by comparing the strain sensed by the external
cores and the central core, where the strain component is zero, and the bending strain can be
considered separately [30].
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In the light of the above, the bending strain function, ¢(x,y), which describes the strain variation
due to bending along the section (strain surface), is a plane. The equation of this plane (see Eq.1)
can be determined from the coordinates of the cores (after defining a local Cartesian Coordinate
System (x,y) centred on the mid-section) and the strains measured by at least three non-aligned
cores, although additional cores can be used to obtain higher precision. Moreover, temperature
compensation is not necessary, since, thanks to the small core spacing, temperature variations
affect all the cores equally (there are no temperature gradients inside the section).

The coefficients of the plane can be equated by minimising the Sum of Squared Errors (SSE),
as shown in the following Equations [31]:

e(x,y) =a+bx+cy (1)
SSE(a,b,c) = ¥ ,(g; — a— bx; — cy;)? )
VSSE(a,b,c) =0 €)
(FEL2D =0 5 na+ bR, x; + e X,y = Sy &

% =0 - aXi,x +bEL x? + c X vy = Xy xiE “4)
k% =0 > aXil,y + XL xyi + c XL, v = XL, vie

where a, b, and c¢ are the coefficients of the bending strain plane equation, 7 is the number of
cores, x;, y; and ¢; are the coordinates and the strain of the ith core.

The approach described above is valid for a generic MCF section with n cores. In the case of a
seven-core fibre, thanks to the doubly symmetry of the section, the system of equations becomes
diagonal:

na + 0+ 0 =Yg
0+ bELixl+ 0 =3L x¢& (5)
0+0 + XL,y =X yie
The coefficients of bending strain plane, a, b , and c represent the average longitudinal strain,

€long, and the two components of curvature, . and x,, respectively; the latter two being the partial
derivatives of &(x,y) with respect to x and y. Therefore, the equations become:

Elong = Z?:l g /n
Ky = Xic1 Xi& [ Xie1 xiz (6)
Ky = Xie1 Yi&i [ Liza vt
Once known the coefficients of bending strain function, the bending direction angle, @, and the

magnitude of the vector curvature, |x|, can be also determined, as shown in Fig. 3, using the
following equations:

k| = /K2 + K3 (7

a = tan""(ky/k,) 3
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X

g

Fig. 3. Strain distribution due to bending of a seven-core fibre

It is worth noting that the central core does not contribute anything to the bending direction
angle and curvature calculations, and thus neither to shape reconstruction, even though it can be
used to sense twisting.

When the curvature and bending direction angle values are known in several sections, the
function of curvature «(s) and torsion z(s) along the fibre can be calculated by interpolation or
curve fitting [10,32]. Once these functions and the boundary conditions are known, which are the
position rp and the Frenet frame 7), Ny, By of the starting point, the shape can be reconstructed
through numerical integration of the Frenet-Serret formulas [10], which can be written as:

T 0 k O][T
N|l=|-x 0o z||N; ©)
B’ 0 -t ollB

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

The flowchart of the whole shape reconstruction process is shown in Fig. 4.
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Fig. 4. Flowchart of shape reconstruction process.

The torsion function was not calculated in this study, since the fibre was neither spun nor
fastened to the mould, and so, as it was impossible to calculate either torsional strain or avoid fibre
twisting, 2D shape sensing was used. In this case, the Frenet-Serret formulas become:

HIRRIH (10)

2.3. Experimental setup

In order to test sensor performance, an experimental setup was designed to ensure accurate
readings. An aluminium mould was made on a high-precision computer numerical controlled
(CNC) machine with a maximum positioning error of a few tens of micrometers to ensure the
marginal influence of fibre positioning errors on shape reconstruction accuracy. The mould (see
Fig. 5) consisted of a plate with five engraved semicircles with radii of 55, 50, 45, 40 and 35 mm,
for Tests1 to 5, respectively.
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Test 3

Test 2

Test 4

Fig. 5. Shape-sensing mould

The fibres were placed around each of the semi-circles on the mould, from the lowest to the
highest curvature, and stretched along the semicircles using two multi-axis stages for nano-
positioning, interrogated by a Static Optical Sensing Interrogator (sm125) combined with a
Channel Multiplexer (sm041) (Micron Optics). The experimental setup can be seen in Fig. 6.

#_F._,_,.:—-d_rurl_

Pt mnze Stages for

Narcgoslomng

Fig. 6. Experimental setup

3. Results and discussion
3.1. Strain sensing results

Since the local bending in each instrumented section was calculated from the strain sensed by
the cores, the repeatability and precision of the MCF strain sensors were first assessed by tracking

= i
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the FBG peaks simultaneously in all seven cores at a constant temperature for two minutes at an
acquisition rate of 0.5 Hz. The shift in the FBG wavelength was then converted into strain by
dividing the wavelength shift by a gauge factor value equal to 1.2 microstrain/pm, obtained from
different tensile tests in accordance with [33].

The measured strain values followed a normal distribution. Their standard deviations (SD) are
reported in Table 1:

Table 1. Comparison of the normal strain distribution SDs detected by MCF shape sensors.

Standard Deviation of Strain Measurements [peg] - Test 1
Core 1 Core 2 Core 3 Core 4 Core 5 Core 6 Core 7

FBG 1 04911 06175 05673 05437 05616  0.6042  0.6095
FBG 2 0.6126 06045 05823 05400 04553 04629 05776  Long
FBG 3 04590 07009 08630  0.6308  0.6439 04951 05001  FBGs
FBG 4 0558 06590 07115 06467 05339  0.6587  0.5356
FBG 1 17457 20023 19268 16449 16916 23905  1.7643
FBG 2 23445 18208  1.6640 25776  1.6821 20045 18354  ghort
FBG 3 19885 16443 23988 25314 30691 17810 13503  FBGs
FBG 4 15843 15292 20616  2.6288 22684 20137  1.9562

The strain distribution SDs were mostly homogeneous in all the sections and cores of both
sensors and were strongly affected by grating length. In fact, those of the short FBGs were three
or four times higher than those detected by the long FBGs.

Strain detection precision depends on the accuracy of the interrogation system, which is related
to the resolution of the read-out of the reflected wavelengths, peak tracking technique [34], FBG
spectrum and the noise signal.

3.2. Curvature sensing results

Curvature was calculated from the bending strain, which is the difference between the strain
measured in the straight and bent sensors. To calculate the bending strain, the FBG wavelength
peaks were initially detected in the straight sensors and then the peaks shifts were tracked in the
curved fibres. The wavelength peak shifts were converted into strain by dividing them by the
gauge factor, while the curvature was calculated from Eqs. 6 and 7.

Although the peak shifts are influenced by the longitudinal strain due to axial loading and
temperature variation, no compensation was necessary since the longitudinal strain affects all the
cores equally and therefore has no influence on the slope of the bending strain plane, on which the
curvature depends.

Once again, the results of the long-FBG-based MCF are considerably better. The sources of
errors in the case of curvature sensing are diverse and include the resolution of the interrogation
system and inaccuracy in the geometry of the sensor and in the sensor positioning [31,35,36].

Table 2 lists the curvature detected by both sensors in the five tests.



219

220

221
222
223
224
225

226
227

NS\
NI\
Nelos)

9 Floris et al./ Optics and Lasers in Engineering

Table 2. Comparison of curvature values detected by two MCF shape sensors.

Test 1 Test 2 Test 3 Test 4 Test 5
Curvature [1/m] 18.1818 20.0000 222222 25.0000 28.5714
Section 1 18.3154 19.7832 22.3003 24.7801 28.3600
Section 2 17.9226 20.0031 21.9657 25.1781 28.3339
Section 3 18.5390 19.8496 22.7328 25.3513 28.4611
Section 4 17.8365 20.0638 22.3428 24.9200 28.5443 ;‘Bmcligs
Average Value 18.1534 19.9249 22.3354 25.0574 28.4248
Average Error -0.0284 -0.0751 0.1132 0.0574 -0.1466
St. Deviation 0.2867 0.1131 0.2720 0.2217 0.0838
Section 1 17.8974 19.6786 21.5104 25.4391 28.6197
Section 2 18.2177 19.8971 21.9127 24.5911 28.6836
Section 3 18.0101 19.6753 22.5028 25.3401 28.6064
Section 4 19.1247 21.2615 23.7737 25.7340 30.0321 ISTIII;EE
Average Value 18.3125 20.1281 22.4249 25.2761 28.9854
Average Error 0.1306 0.1281 0.2027 0.2761 0.4140
St. Deviation 0.4828 0.6605 0.8550 0.4212 0.6050

3.3. Shape sensing results

An algorithm was developed in Mathematica code [37] for the linear interpolation of the
curvature function x(s), based on the curvature calculated in the instrumented sections, and to
reconstruct the 2D shape of the of MCF arrays through numerical integration of the Frenet-Serret
equations (Eq. 10). Fig. 7 shows the shapes of the two fibre optic sensors, which were sensed,
while the fibres were stretched along the semicircles on the mould (see Fig. 5), and reconstructed
by using the procedure explained in Section 2.2.

Shope Hecomiruction - Short FBGs

| a

Fig. 7. Reconstructed shape of MCF sensors by (a) short FBGs and (b) long FBGs.
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In order to evaluate the shape sensors performance, the shape reconstruction errors were
determined (considered as the distance between the exact position of the fibres and the
reconstructed shape position) (see Fig. 8).
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Fig. 8. Shape reconstruction errors of two MCF shape sensor arrays in (a) Test 1; (b) Test 2; (c) Test 3; (d) Test 4; (e)
Test 5.

As in the previous cases, the errors obtained with multicore sensors based on short FBGs are
significantly greater, meaning that the strain and curvature sensing errors propagate and affect
shape reconstruction, the sources of errors being, in fact, the same discussed in the previous
sections. The largest long FBG errors are between 0.05 and 0.20 mm (0.11% and 0.44% of sensor
length), while those of the short FBG sensors are several times greater, i.e. between 0.12 and 0.41
mm (0.26% and 0.91% of sensor length) and vary much more widely.
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3.4. Discussion

The optical MCF sensor based on long FBGs was shown to be significantly more precise and
efficient than the short-FBG-based variant. The main reason for the different performance is due
to the capacity of long FBGs to average the local errors of longer sections and to the differences in
the sensors’ spectra (see Fig. 2). Long FBGs are considerably stronger than short ones and so the
peaks are narrower and can be detected more efficiently, as can be seen in Fig. 9.

Speectrmm O omparisan - Peak

e f —— Lt B

[l
fln

Pl et g

153 1515

Tramafet Famctien |8 |
-

Wavelengilh [om
Fig. 9. Peak comparison of long and short FBGs.

To sum up, long FBGs can improve the accuracy of fibre optic shape sensors without
increasing FBG density per metre. This effect is particularly favourable with the WDM technique,
because the number of trackable FBGs is limited and cannot be increased to improve shape
reconstruction resolution. In addition, WDM analysis is the only one that reaches high frequency
data acquisition.

4. Conclusions

Two optical MCF shape sensors were assembled by inscribing long (8.0mm) and short
(1.5mm) FBGs in commercial 7-core fibre. All the necessary steps for shape reconstruction were
traced, including strain sensing, curvature calculation and shape integration, and sensor
performance was compared at each stage.

The long-FBG-based sensor was found to be considerably more accurate in all conditions than
the short, which was attributed to the capacity of the former to average local errors in longer
sections and to its stronger and narrower reflection peaks than those of the short ones, which
means the wavelength shift of long FBGs is easier to track.

The study first proved that long FBGs can significantly enhance the shape tracking accuracy of
optical multicore fibre sensors. When wavelength division multiplexing is employed and the
number of usable FBGs is limited and depends on the breadth of the spectral transmission
window, long gratings are especially recommended since they can considerably improve precision
with the same number of gratings. Nevertheless, even when the FBGs are interrogated by an
OFDR, which allows higher grating density by reading up to several thousand gratings, long
gratings can still ensure better performance at equal FBG densities. The results obtained apply to
both multiple single-core optical fibres and multicore optical fibres with embedded quasi-
distributed strain sensors, which have the same cross section geometry. In the light of the above,
these new results lay the basis for the design of new and more efficient shape sensors.
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