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Abstract

In order to provide high accuracy in shape measurement with multicore optical fibres, characterization and calibration
procedures are an important part of sensor preparation. Some procedures can be considered mandatory for adequate shape
reconstruction, while others can help to enhance the measurement accuracy. Several of such procedures are discussed and
experimentally applied for demonstrating the possible performance enhancement of curvature sensing, a fundamental phase
of the shape reconstruction process. The maximum error observed in curvature calculation for a test object has been proved
to be almost halved, decreasing from 2.48% to 1.36%, by applying such calibration corrections. The overall average relative
accuracy of curvature measurement was improved from 0.89% to 0.5% (an improvement of 44%).
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1. INTRODUCTION

Over the past 10 years there has been an increasing interest in shape sensors based on optical fibres for various
applications. Since 2000, when the first bent sensor based on multicore fibre was reported [1], extensive research
efforts have been focused on the development of shape sensors using multicore fibres and fibre bundles and
exploiting Rayleigh [2] and Brillouin [3] scattering and fibre Bragg gratings (FBGs) [4]. These technologies use
different interrogation principles to measure strain along the length of an optical fibre. While we discuss in this
work a series of calibration procedures for the case of shape sensors based on FBG reflection peak tracking,
similar concepts may be also applied to sensors based on other sensing technologies.

Because of their good spatial resolution and high measurement frequency rate, fibre-grating-based shape sensors
have especially been investigated for implementation in medical needles, endoscopes and robotic systems [5].
Shape measurement is based on the interpretation of the strain along the fibre as a combination of curvature, twist
and longitudinal strain. In general, the methods for shape reconstruction calculate the shape from local variations
of curvature. In the case of medical applications, of great importance is not only the general object shape, but also
the tracking of the sensor tip coordinates, which is sensible to the accumulated shape measurement error along
the full sensor length. The reduction of these errors, based on applying different interpolation techniques for shape
reconstruction using quasi-distributed sensors has been shown in the literature [6]. In this paper, in order to limit
error propagation, we examine a series of factors, including sensor geometry, photo-elastic coefficient, Bragg
wavelength reference and presence of twist, that influence the accuracy in curvature sensing, a fundamental stage
in the shape reconstruction process. Moreover, we present a methodology for shape sensor calibration and
characterization and discuss the results of an experimental study performed to validate it, considering shape
sensors constituted of multicore fibres with FBGs inscribed by an interferometric technique [7].

2. SHAPE SENSING CONCEPT

Optical shape sensing with FBGs in multicore optical fibres relies on the measurement of the strain distribution
across the fibre cross-sections, caused by a combination of elongation or compression, bend and torsion (Fig. 1).
The approaches to shape reconstruction determine the curvature along the sensor on the basis of strain
measurements and calculate the shape through curvature interpolation and integration. One of the most widely
used methods consists in the numerical integration of the Frenet-Serret equations, once the curvature and torsion
function have been computed along the fibre length [8].
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Fig.1. Strain distribution in stretched (a), twisted (b) and bent (c) multicore optical fibre.

The strain distribution along a multicore fibre depends on the type of deformation that each cross-section is
subjected to. Stretching generates a uniform increase in strain throughout the cross-section of the fibre. Torsion
has no effect on the centre of the fibre and reaches maximum strain on the fibre edges; therefore, only outer cores
are experiencing strain. Bending introduces a gradient of strain over the cross-section with no strain on the neutral
axis, perpendicular to the bend direction (Fig. 2). Reconstructing this gradient of strain in a multicore fibre and
discriminating it from other types of deformation, using information from a combination of measurement points,
is the main task of curvature and direction measurement along a sensing fibre. The combination of reconstructed
curvature values and curvature direction parameters, then, allows performing a general shape measurement.

The local curvature x of a bent multicore fibre, defined as the inverse local bending radius, R, can be described
mathematically at a certain position along the fibre as [8]:

2\](2{21:—250581-)2+(Zliv=1i—§sin9i)2
K= N (1)
Here, ¢; and r; are the curvature-caused strains measured in the single core i and the distance from the core i to the
centre of the fibre, N is the number of cores used for curvature calculation; 8; is the angle between one of the axes
of the coordinate system, which can be associated with core 1 relative to core i (Fig. 2). For each grating of the
longitudinal array, the curvature is an averaged value, calculated by using the measured strain of N cores in the
transversal FBG array. Therefore, the correct and efficient strain measurement in each core affects the overall
curvature calculation.

(a) longitudinal FBG array (b)

neutral axis

transversal FBG array bend direction

Fig. 2. Schematic of a bent multicore fibre (a) with core orientations and radial distances and strains indicated
for two cores (b).

With the calculated curvature, then, the local neutral axis and an angular distance to the neutral axis can be defined
for each core. We can then calculate the bending angle between the neutral axis and the coordinate system
associated with one of the cores, using strain information in the core nearest to the neutral axis:

Openg = arcsin (S—‘K) - 0; 2)

Ti
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Knowledge about the local curvatures and the bending orientation then allows reconstruction of the continuous
shape along the fibre by means of interpolation methods.

Shape measurement using arrays of FBGs as a quasi-distributed sensor requires knowledge about several
parameters. Strain measurement based on FBGs is a method of measuring a fibre core elongation via a shift of the
reflection peak wavelength for an inscribed FBG. For each core i, there is a relation between the local strain ¢ and
the measurable wavelength shift AAs of the FBG reflection peak:

Am-AB
= Am7AB 3
£ = Zs0pe) ®)
with 2z and 4,, being the initial and the measured strained wavelength peak position, respectively, and p. being
the photo-elastic coefficient that has to be measured once for a specific fibre. Local strain, ¢, is generally defined
by a relative elongation ¢ = AL/L.

Therefore, for reconstructing a certain curvature, the wavelengths of Bragg reflection peaks A, for each grating
have to be measured and a number of other parameters such as 6;, r;, 43, pe have to be known from characterization
or calibration measurements. Some of these parameters can be measured directly, others are derived indirectly by
a calibration procedure. In the following sections we will separately discuss the procedures for determining these
parameters, and we will show the improvements in curvature measurement accuracy for a test object. Due to the
fact that the general curvature reconstruction is based on differential measurements, the exact knowledge of these
parameters is of great interest, in order to limit possible error accumulation along the length of the fibre sensor.

2.1. Fibre geometry

A number of multicore fibres has been reported in the literature [9] for application in shape sensing. The use of
each particular fibre for shape sensing requires knowledge about its geometry — such as the number of cores N,
the core-to-centre distance 7;, and the angle ;. This information can be obtained from a microscope cross section
image (Fig. 3). For our investigations we used a seven-core fibre as shown in Fig. 2. The geometrical parameters
shown were derived from a microscopic image of such a fibre cross-section.

r=36,24
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Fig. 3. Microscope image of an experimental 7-core fibre, with geometrical parameters.

Besides the specific values of the core-to-centre distances (also called core spacing), the knowledge of the relative
variations (the ratio of the core distance relative to the average distance) would be an important parameter for the
reconstruction algorithm. In our case, the core-to-centre distances for the position shown are in a range of 36.24-
36.78 pm. Due to the small variation, usually one single averaged value of the core-to-centre distance is used for
the reconstruction algorithm to avoid associating each core with a specific value. The effect of such averaging has
been discussed in the literature [10]. However, a variation of such core-to-centre distances may occur along the
fibre as discussed in section 2.2.

2.2. Photo-elastic coefficient

The photo-elastic coefficient (p.) describes the strength of the change of optical properties of the material under
mechanical deformation. As applied to an optical fibre, this parameter defines the change of the effective refractive
index in response to physical fibre deformation. For such a case, a single characterization or calibration
measurement of a single measured photo-elastic coefficient p,, (e.g. in the central core) would be sufficient to
determine this parameter. It has to be considered, however, that the multicore fibre manufacturing process might
introduce individual modifications of the different fibre cores as well as variations of the structural parameters,
e.g. fibre and core diameters or material/doping distributions. Such variations can be considered as an additional
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correction factor a;, measured experimentally during a calibration procedure, which would have to be included in

the curvature calculation algorithm (4). In case of strain gauges based on FBGs, this coefficient also defines the
shift of the reflection peak wavelength.

Adg = Ag(1 — ppay)e 4

A setup that can stretch the fibre and associate the elongation with the peak wavelength shift is shown in Fig. 4.

Wavelength shift of FBGs Wavelength shift of FBGs
in transversal array in longitudinal array
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Fig. 4. Setup for photo-elastic (p.) and correction coefficient (ai) measurement.

Photo-elastic coefficient measurement and correction coefficients a; are crucial for converting the measured
wavelength shift data into strain, which is later used for curvature calculation. In order to measure the variation
of the photo-elastic coefficients in different cores and along the fibre, the fibre was stretched to track the

wavelength shift of the FBG in the array in the central and three outer cores of the fibre. The measured wavelength
shifts in the cores are shown in Fig. 5.
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Fig. 5. Wavelength shift in an array of FBGs in the stretched fibre.

As can be seen from Fig. 5, the peak wavelength shift differs in the cores of the fibre for 9 pm on average. This
will define ¢ coefficients in the range of 0.9819-1.0054. Moreover, the shift is growing over the sensor length for
each core by about 27 pm. This means that the stretched fibre has non-uniform strain along the sensing length due
to varying fibre diameter, which can be measured and compensated via correction factors y; (0.9913-1.0125),
interpreted as a change of the fibre diameter for each FBG of the longitudinal array and, hence, the core-to-centre

distance ;. The final equation by which we calculate the curvature in the j-¢h grating, using the strain measured
in N cores and considering the correction factors, is

2 o - e -
N °ij 32 N "L ing:)2
J(Zhlriyjcosel) +(Zl=1rl-yj5m9l)

Kj = " (5)
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2.3. Initial fibre Bragg gratings reflection peak wavelengths

For the measurement of wavelength shifts, the knowledge of the exact starting conditions is mandatory. The
spectra shown in Fig. 6 were measured for gratings simultaneously recorded by a single laser pulse in seven cores
of a multicore fibre.

Reflectivity [%]

0 ¥ & D =" 7 ) Y AV

1549 1550 1551
Wavelength [nm]

Fig. 6. Spectra of FBGs recorded in seven cores of a multicore fibre.

There are obvious differences in peak position and reflection peak strength. The wavelength in this case varies
between 1549.77 and 1550.12 nm, and the reflectivity varies between 2.3 and 3.5%. These variations can be
attributed to differences in the effective refractive index of different cores and to variations of the grating
modulation depth due to lensing and shadowing effects produced during the inscription of gratings in a multicore
optical fibre.

Therefore, the initial reflection peak wavelength of the gratings in all cores has to be identified. In general, such
measurements are a standard procedure. For high-accuracy measurements, it should be considered that such
measurements would be temperature-sensitive and that any additional strain due to bend, twist or axial load during
the characterization procedure should be avoided. Clamping optical fibres on both sides can cause twist and bend
in the fibre. It is also difficult to set the fibre in a straight condition horizontally without strong stretching due to
the gravity effect on the fibre. Therefore, a setup with the fibre clamped on one side is favourable. (Fig. 7). The
fibre is suspended vertically in this case and, to straighten the fibre, a load of few grams can be fixed at the end
of the fibre. This load leads to a wavelength shift of the reflection peaks from the initial position. However, the
effect of the negative strain measured by the system can be considered and corrected later in the processing of the
measurement data.

Fibre

|
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! . J, clamp Pulley
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Fig. 7. Setup for initial FBG reflection peak wavelength measurement.
This method allows the fibre to take its natural shape and prevents any additional torsion and curvature.
2.4. Intrinsic twist measurement
The manufacturing and handling process can cause a twist along an optical fibre, which results in a helically

twisted positioning of the fibre cores. In a shape measurement procedure, this twist cannot be discriminated from
experimentally measured twist. Hence, a fibre curved in a plane would then seem to have a helical shape in the
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reconstruction of the shape measurement. Since it is hard to control or reduce this twist, the shape sensor fibre has
to be calibrated to reduce a shape error due to an intrinsic twist. It may also happen that a fibre is intentionally
twisted during the manufacturing process. Also, in this case, the twist has to be well characterized.

For the intrinsic twist characterization, two different procedures are presented here. With the first method, the
inner structure of the fibre is observed in a diffraction projection pattern from a side-illuminated fibre. Applying
this procedure requires installing the fibre without adding an additional twist by handling the fibre. This can be
achieved by hanging the loaded fibre vertically clamped on top and then, after taking its natural shape, clamping
the fibre end at the bottom. Then the fibre can be used for observation of its diffraction pattern through one
complete rotation (Fig. 8a) and by scanning along its longitudinal axis (Fig. 8b).
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Fig. 8. Setups for intrinsic twist measurement using side laser illumination for fibre rotation (a) and fibre
scanning (b).

In this setup, plane wave laser light is passing through the fibre and is diffracted and focused by the refractive and
diffractive core structures. This light pattern is collected by an objective with high numerical aperture and
projected into a camera. Dark areas in such recorded patterns correspond to the fibre cores. The position with the
current angular orientation of the fibre becomes therefore detectable. Moving the illumination laser and the camera
along the fibre enables recording the diffraction pattern for the given piece of the sensor (Fig. 9a) and comparing
it with the pattern recorded for a complete rotation (Fig. 9b).
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Fig. 9. Pattern formed by a stack of images obtained by scanning a length of 20 mm (a) and by one complete
rotation of the 7-core fibre (b)

An analysis of these patterns allows quantification of the rotation angle of the cores in the given sensor length,
which corresponds to the intrinsic twist of the fibre. The scanned pattern of 20 mm of fibre in our case shows the
same pattern as a multicore fibre rotation from 131-134°, which corresponds to the twist of 1.5-2°/cm. This
method does not require Bragg gratings to be inscribed in the cores and can be applied before FBG inscription. In
this particular case, the measurement accuracy does not exceed 1-2°, since extracting the angle from the diffraction
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pattern is limited due to the small variations along the scanning length applied. The accuracy of this method can
be improved by a measurement of the distance between some distinct pattern structures that are formed in specific
orientations and appear in a short range of rotation (<1°). Such distinct pattern structures can be observed with a
periodicity corresponding to the fibre symmetry (60° in our case). Therefore, observing such distinct pattern
structures twice during the fibre scanning can reveal an internal fibre torsion of 60° between the points where the
patterns were detected. Since an angle of 60° is a rather large value of twist for a fibre, scanning of longer pieces
of fibre might be necessary in this case: higher twist values are better to investigate and more easily detectable.
Such a measurement can be achieved especially with a fibre with a designed twist of e.g. 50 rpm, since the shorter
twist period in this case allows the scanning length to be reduced and the twist period to be measured with
submillimetre accuracy.

The second method for twist measurement can be based on the shape measurement procedure of a known flat test
shape structure applied with the same interrogation scheme as the one used for the general shape measurement.
In this specific case, the measurement fibre is positioned in a curved shape on a flat plane surface (Fig. 10a). The
bending radius must be small enough to ensure that the wavelength shift of the reflection peaks of FBGs in the
cores caused by bend is larger than the possible noise level accuracy of the spectral measurement system. An
intrinsic twist of the fibre will result in a reconstructed helical shape in the reconstructed fibre position beyond
the real plane surface in the test setup (Fig. 10b), since, due to twist, a non-null value torsion will be detected [8].

(a) (b)
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Fig. 10. Setup for the intrinsic twist measurement (a), shape reconstruction and real shape comparison for a
twisted fibre (b).

The intrinsic twist is the measured change of the angle between the neutral axis and one of the cores for two
different gratings of the longitudinal array. In our case, we performed the measurement several times to ensure
measurement repeatability, and achieved an average intrinsic twist of 12.3° on the length of 72 mm between the
centres of the first and the last gratings, which corresponds to the intrinsic twist of 1.71°/cm. This value will be
used to correct the shape measurement for the intrinsic twist as a rotation of the coordinate system and will be
subtracted from the bending angles measured.

The second intrinsic twist measurement method is simple and does not require additional equipment. It can be
applied using the same interrogation system as that used for the shape measurement. The accuracy of the twist
measurement achieves an accuracy below 1° and therefore better fits multicore fibres with a low intrinsic twist.
Using a combination of the second method for the twisted fibre and the first method allows, in addition, an
accurate measurement of the spacing between gratings, since in this case the FBG positions are associated with
their angular orientation.

3. VALIDATION OF CALIBRATION CORRECTIONS WITH A TEST OBJECT

The impact of the discussed calibration corrections will now be shown for curvature measurements with a test
object. A multicore fibre with 8 FBGs in each core and with a total length of 72 mm was used for the impact of
the calibration procedures on the measurement accuracy. For defining a specific shape, we used a plane mould
that has a set of grooves with different diameters representing shapes of different curvature. The sensing fibre was
installed in the grooves with a defined curvature without clamping or gluing (Fig. 11).
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Fig. 11. Setup for positioning a sensing fibre in a plane test shape with fixed radii of curvature and a photbgraph
of the aluminium mould.

The fibre was positioned in this plane mould with curvature radii Rgo0ve 0f 40, 50, 60 and 70 mm so that all grating
positions would experience the same bending with a radius, Ry, that is smaller than the radius of the groove,
Rgroove, for half the diameter of the fibre. Then the curvature can be calculated using equation (1), (Fig. 12a).
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Fig. 12. Shape measurement of the grooves on the mould with no correction (a), with a (b) and additional y (c)
correction factors applied

Fig. 12a shows the reconstructed radii of curvature for 8 grating positions along the fibre length without use of
the correction factors from calibration. Here, rectangles correspond to the averaged value of the radius of curvature
as measured during the experiment. The bars indicate the range variation of 360 single measurements acquired
with a frequency of 2 Hz. The theoretical curvature of the centre of the fibre, Ry, is shown as a black horizontal
line. It is interesting to note that the variations in the single measurements are higher for larger curvature radii.
The reason is that the reflection peak wavelength measurement error is affecting the fibre more strongly when it
is bent with a larger radius, as it is subjected to lower strain and shows a lower peak wavelength shift in the cores.
As a next step (Fig. 12b) the correction factors a were applied. In this case, the averaged relative error for all
experiments slightly decreased from 0.89% to 0.88% (Fig. 12b). This minor change of accuracy indicates that the
variation of the photo-elastic coefficient along the fibre is not high in our case and does not induce large additional
errors for the curvature measurement.

For the results in Fig 12c, the correction factors of y were applied in addition. In this case, the averaged error for
the experiments performed decreased to 0.5%. For FBG #1, which showed the largest errors, the maximum
observed error was almost halved, decreasing from 2.48% to 1.37%. This improvement indicates that the fibre
diameter in our case varies along the fibre length in a range of 35.9-36.8 um.

The calibration procedure enabled us to remarkably increase the accuracy in curvature sensing and to specify the
calibration factors that individually tune the sensitivities of the longitudinal gratings array. The measurement of
the photo-elastic coefficients (as material parameters) for the individual cores has a rather low impact on accuracy
in our case because of low differences, but this procedure still should be applied in general, since photo-elastic
coefficient differences are hard to predict for complex fibres. Using multicore fibres with a designed twist leads
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to different wavelength shift-to-strain conversion factors for the helically twisted side cores and the straight central
core; the a factor also can be used to take the conversion differences into account. The same calibration procedure
is applied to check for local fibre diameter variations. In this way, one can identify fibre imperfections that are
hard to check otherwise, and which have been shown to have a strong impact on the reconstruction accuracy. The
calibration of the correction factors a and y can be implemented with setups very similar to those for the initial
reflection peak wavelengths measurement, by means of measuring the wavelength shifts of reflection peaks in
each individual FBG in the longitudinal and transversal arrays.

The observed twist of 12.3° measured along a length of 17 c¢m is rather a high value for a fibre with no designed
twist. This intrinsic twist information is important for the overall accuracy of the sensor when reconstructing a
full 3D shape by combination of curvature magnitude and curvature direction data.

4. CONCLUSIONS

Calibration procedures for shape sensing with multicore optical fibres and inscribed FBGs have been shown and
discussed. These procedures allow considering the sensitivity of each FBG in the array of the cores by elaborating
the effective photo-elastic coefficient for each individual core and adjusting the strain conversion coefficient in
the transversal array of the gratings. Calibration also includes a measurement of the intrinsic twist of multicore
fibres that has been introduced during the manufacturing process, whether by chance or intentionally. Overall, the
maximum error of measuring curvature as well as the averaged relative error have been shown to become reduced
by almost a factor of 2 in a test setup with curvature radii in a range between 40 mm and 70 mm. These results
show the high importance of well adapted calibration procedures in shape sensing.
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