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Optical fibre shape sensing refers to the reconstruction of the shape of an object
by using the strain measurements induced to the fibre by the bend. By routing an
optical fibre through the structure of interest, the strain induced by the bending can
be correlated to the radius of curvature of this structure, thus extracting information
about its shape. This emerging new technology can be applied to many different
fields varying from medical robotics to the health monitoring of structures leading
to significant improvements to the quality of life. Multicore fibres are very good
candidates for shape sensing thanks to the integrated 3D coordinate system they
offer owing to the fixed position of the cores inside their cladding.

In this thesis a Brillouin Optical Time-Domain Reflectometry (BOTDR) setup
was built to interrogate the multicore optical fibres. BOTDR is a single-ended
technique that makes its deployment into the field very practical. To overcome the
issue of fibre twist during installation, a D-shaped and a flat, multicore fibre were
designed and fabricated for use in shape sensing applications.

The fabrication process as well as various ways of handling, cleaving and splicing
those novel fibres that present a preferential bend, are analytically described in this
work. The D-shaped fibre was used for curvature measurements demonstrating

deviations from the real values between 9% and 15%.
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Chapter 1

Introduction

1.1 Motivation for shape sensing

Optical fibre sensors offer many advantages over the conventional strain gauges
such as small dimensions, robustness, ability to be used in inaccessible places, and
immunity to external electromagnetic fields. A pioneering field that emerges from the
use of optical fibres for sensing purposes is the field of shape sensing. Shape sensing
refers to the reconstruction of the shape of an object by using the strain that has
been induced to the fibre by the bend. This requires at least two sensing elements
for a 2D representation, or three in case we are interested in the 3D reconstruction
of the structure of interest.

Multi-Core Fibres (MCFs) are considered very good candidates for this new
technology due to their intrinsic advantages, such as well-defined core separation
and isothermal behaviour which follows from the fact that all cores are located
within the same cladding. In other words, one core can be considered as a sensing
element and so a fixed coordinate system can be applied to two or three of them.
Despite of that, it is very common for the fibre to get twisted during its installation
on the structure of interest resulting in a subsequent twist of the cores. As a result
of that the fixed coordinate system gets distorted rendering the determination of
the bending direction invalid.

The purpose of this PhD project is the design of new multi-core fibres optimised
for shape sensing applications. The ultimate goal is the creation of a multi-core fibre
that will self-orientate when deployed along the structure of interest resulting in a
suppression of the twist rendering it ideal for shape sensing applications.

At the initial stage a standard commercial 7CF was tested and the twist of the
cores became prominent on the Brillouin Gain Spectra. The first design iteration
resulted in a D-shaped fibre aiming to define a preferential bending direction of the
fibre whilst retaining the core layout of the existing commercial product. After the
first results showed a significant reduction of twists, a further refinement followed,
based on the fabrication of a flat fibre with the same core layout as the standard
7CF. The last fibre completely suppressed the twist rendering it an ideal candidate
for field deployment and shape reconstruction.

The fabrication of all the multi-core fibres used in this project, took place at
the Fibercore facilities in Southampton UK, while the interrogation setup used for

the shape sensing tests was developed anew at the Optoelectronics Research Centre,



2 Research Objectives

Univesity of Southampton. The project described in this thesis was a part of a
bigger collaborative Marie Sklodowska-Curie Innovative Training Network (ITN),
called FINESSE, involving 26 European Universities, research centres and industrial
partners that teamed up together for the development of a new optical ”artificial
nervous system”.

FINESSE’s aim (FIbre NErvous Sensing SystEms) was to mimic the nervous
system of living bodies by turning man-made and natural structures into objects
that are sensitive to external stimuli owing to advanced distributed fibre-optic sensor
technology, with the objective to give early warning in case of possible danger or
occurrence of damage.

Curvature sensing, is the first logical step to be investigated before the full 3D
shape reconstruction is attempted and is particularly useful, as it was mentioned
before, in the integrity monitoring of structures such as pipelines, tunnels dams and
cables to name just a few. More specifically, there are many challenges in the offshore
subsea power cable industry with a significant number of cable failures to have
been recently reported [1], mainly attributed to cable laying issues and mechanical
damage such as over-bending or over tensioning. During installation of such a cable,
the monitoring of its strain can help preventing its over-tension ensuring that it does
not bend below its minimum bending radius. Typical minimum bending radii for
subsea power cables reported in the literature is 5m with performance requirements
of spatial and strain resolution less than 4m and 100ue respectively [2]. Also, another
important application of curvature sensing can be found in the monitoring of the
lateral deformation of the railway tracks due to naturally occurring phenomena such
as landslides, avalanches, mud flows or rock slides. The lateral displacements that
are expected in this type of deformation are in the range of a few cm [3].

In this project, Brillouin Optical Time-Domain Reflectometry (BOTDR) was
the technique selected for the interrogation of the multi-core fibres since it is well
suited for long range sensing, rendering it appropriate for the shape reconstruction
of civil engineering structures or subsea cables. Lastly it requires access from one

end of the fibre only, rendering its implementation in the field more practical.

1.2 Research Objectives

The aim of this research project was to demonstrate shape sensing capabilities using
multicore fibres that would be interrogated using Brillouin Optical Time-Domain
Reflectometry technique. In the framework of this PhD research, the experimen-
tal setup would be developed anew and optimised at the Optoelectronics Research
Centre, University of Southampton. The performance of the current commercially
available multi-core fibres would be investigated and new designs would be conceived
and fabricated at Fibercore, to eliminate the limitations of the standard MCF. The
ultimate goal was the optimisation of the performance of the optical fibre sensor for

the sensing regime the BOTDR technique targets.
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1.3 Thesis Outline

The thesis is organised in six chapters and a brief description of each is given below:

In chapter 2 a basic theory of optical fibres is given and various methods of
fabricating spatial multiplexing/demultiplexing devices needed for multicore fibres
are briefly discussed. The light scattering mechanisms in optical fibres are mentioned
providing the necessary background to the reader to understand the shape sensing
techniques described in a next section. Finally, a comparison between the different
shape sensing methods is given and the applications of this emerging technology are
discussed.

Chapter 3 discusses the Modified Chemical Vapour Deposition method used for
fabricating the multi-core fibres used in this thesis. The fabrication stages of the
flat fibre preform as well as the fibre draw process are described in detail. The
fabrication of the D-shaped fibre is also presented in the last section of this chapter.

In chapter 4, curvature sensing using a D-shaped fibre is demonstrated. The
principle of operation of a sensor based on a multi-core fibre is described and the
Brillouin Optical Time-Domain Reflectometry setup used for interrogating the fibre
is discussed.

In chapter 5 various methods for cleaving and splicing a flat to flat fibre are
presented and the challenges associated to its handling as well as ways to overcome
them, are discussed. Three-beam test results using this unique multi-core fibre are
also presented in the final section of the chapter.

Finally chapter 6, summarises the research and offers recommendations about

ways to expand the work presented in this thesis.






Chapter 2

Optical fibre sensing: Overview

2.1 Introduction

In this chapter the principles of the three scattering mechanisms used in Distributed
Optical Fibre Sensors (DOFS) will be described, before the detection principle of
Brillouin backscattering is analysed. The conditions under which non-linear phe-

nomena may arise are discussed and the basic shape sensing equations are derived.

2.2 Basic theory of optical fibres

Numerical Aperture (NA) is defined as the limiting angle < 6, for rays to be guided

inside an optical fibre [4]. For the case of a step index, multi-mode fibre, with a
core diameter between 50um and 100um, geometric optic applies and the acceptance

angle 6, can be expressed as:

— : 2 2
0o = arcsm\/ncore ~ Nladding’ (2.1)

where the square root element is the numerical aperture of the fibre,

2
core — Mcladding (22)

NA =sinf, = \/n2

FIGURE 2.1: Acceptance and exit cone of a fibre.

In the case of a step index single-mode optical fibre with a typical core size of 8um-

9um, the core dimension is comparable to the wavelength of light. As a result, the
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ray optics approximation starts to break down, and the NA can be calculated by

rigorous electromagnetic methods.
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FIGURE 2.2: Gaussian beam approximation of the fundamental LPg;
mode. The Mode Field Diameter is defined as the distance from the
centre where the intensity drops by 1/e2.

V-number (V) or normalized frequency is the fundamental relationship between
numerical aperture, operating wavelength and core radius in step-index fibres. By
definition V=2.405 at the cut-off wavelength of every single-mode fibre waveguide.
When the V-number is greater than 2.405 the fibre will support multiple modes. On
the contrary, if the V-number is less than 2.405 then the light propagated through
the fibre will be single-mode [4],

v 27T core NA (2.3)
Ao
where
® T'core 1S the core radius
e NA is the numerical aperture
® )\ is the vacuum wavelength
V <2405 or A > XU single-mode operation (2.4)

V > 2405 or A < AT multimode operation (2.5)
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Mode Field Diameter (MFD) MFD is typically defined as the radial position
where intensity falls to 1/e? of the peak intensity. For a step index fibre the MFD

is given by Marcuse’s empirical formula [5],

1.619  2.879
) (2.6)

MFD = reore <065 + W + W
where 7¢ore is the core radius and V the normalised frequency (V-number) of the
fibre.
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FIGURE 2.3: Attenuation spectrum for a typical germano-silicate
single-mode fibre. Figure by [6].

Loss mechanisms in glass There are four main contributions to the attenuation
of a fibre [4].

e UV absorption

At the short wavelength end of visible spectrum (blue and violet) the leading

factor is contributions from electronic resonances of silica glass.

¢ Rayleigh scattering

At the visible range and in the first and second telecommunication window
Rayleigh scattering dominates. Rayleigh scattering arises from thermody-
namically driven fluctuations in the density of the glass that are frozen inside

the glass during the draw as the glass cools.
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e Absorption by impurities

The most important impurity affecting fibre loss is the OH™ ion that has a
fundamental vibration absorption peak at 2.43um. The overtones of this OH™
absorption peak are responsible for the dominant peak at 1.39um and a smaller
at 1.23pum.

e IR absorption

Beginning at around 1.6um the contribution from vibrational resonances over-
takes the Rayleigh contribution and becomes the dominant attenuation mech-

anism.

2.3 Multi-core fibres

Multi-core fibres (MCF) were first exploited as a way to increase the data-carrying
capacity of a single optical fibre [7], [8], [9]. MCF contain multiple cores in the
same cladding allowing for parallel paths resulting in an increase in the bandwidth
capacity. MCFs can be divided into two categories: 1) Weakly-coupled and 2)
Strongly-coupled MCF. The first type refers to a MCF where each core is an in-
dividual waveguide with low interference between adjacent cores. The second type
involves MCF where the cores are close enough to allow coupling between them [10].
Apart from their use in the telecom industry the MCF has also been used for sensing
applications.

The idea of using multi-core fibres for sensing applications traces back to the late
70s. Meltz and Snitzer were granted patents in 1981 for a fibre optic strain sensor
that relies on the cross-talk phenomenon in a two-core fibre. As light propagates
along one core in the optical fibre, changes in strain due to hydrostatic pressure cause
a change in the relative energy that is cross-coupled between the cores [11]. Gander’s
work published in 2000, is the first report of a bend sensor based on Bragg gratings
written in multi-core fibres [12]. FBGs were written simultaneously in two-cores of a
4-core fibre for one-axis measurements and a gradient of 48.9pm/ m~ ! corresponding
to a strain sensitivity of 0.997pm/ue is reported. In 2003 is reported for the first
time the use of FBGs for two-axis curvature measurement in three separate cores of
a 4-core multi-core fibre [13]. In 2006 a patent by Luna Innovations describes a fibre
optic position and shape sensing device based on a 3-core weak-coupled multi-core
fibre with an array of FBGs inscribed into each core [14]. Villatoro et al. [15] used
coupled-core MCF to detect vibrations.

The advantage of using MCF for sensing, rely on the well-defined structure
thanks to the fixed position of the cores inside the cladding. The fact that there
are cores that are located away from the geometric centre of the fibre makes them
sensitive to strain and as a result to bend. It is also possible to distinguish the
bending direction and that makes the MCF the perfect candidate for curvature and

3D shape sensing. By measuring the differential strain between cores the shape of
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the fibre can be retrieved. One more advantage is the implementation of multiple
distributed techniques in the same fibre [16].

For the purpose of shape sensing tests the MCF design was based on parameters
of the commercially available MCF. More specifically, both the D-shaped and the flat
fibre had an INA of 0.2, a core pitch of 35um and 6 cores in a hexagonal geometry
surrounding the central core. The NA of the multi-core is higher than that of a
standard SMF to increase the modal confinement and mitigate the crosstalk[17].
Although a minimum number of 3-cores is required to infer the shape of a curve in
the 3D space, the use of a larger number offers redundancy thereby reducing the
error in the calculations and improving the reliability of the measurement [18], [19].

To couple light from a multi-core fibre to a standard SMF a spatial demultiplex-
er/multiplexer or fanin/fanout is used. There a few ways to achieve this coupling
mainly based on free-space schemes, waveguide coupling or fibre-tapers [20]. In the
next two sections the focus will be on the latter two since these are the fabrication

methods used for the fanout devices of this project.

2.3.1 Fanout devices based on waveguide coupling

In this technique a femto-second laser beam is tightly focused on the dielectric
material to directly write three-dimensional waveguide structures in its volume. The
non-linear absorption of the energy from the dielectric material induces a series
of processes such as shockwave propagation and thermal diffusion that after the
resolidification of the material induce permanent changes in its structure. These
structural changes are reflected to a change in the refractive index of the irradiated
region [21].

Fig. 2.4 shows the fanout device as well as the way the device is coupled to the
MCF and to the SMF ends [22], [23]. The SMF fibres are placed on a V-groove array
which is then glued onto the fanout device using UV curing epoxy [24]. Likewise
the MCF is bonded to the MCF end of the fanout and the device is packaged. This
technique has been commercialised by Optoscribe [25].

The advantages of inscribing the waveguides inside the glass are the compact size
of device as well as the highly accurate core positioning. This technique also offers
significant scalability in the manufacturing process enabling low cost-high volume
production. Also arbitrary configurations of the cores are possible (e.g non circularly
symmetrical patterns such as 2x4). Typical insertion losses of this type of fanout

are < 1.5dB for a 7-channel fanout however this is dependent on the fibre.

2.3.2 Fanout devices based on fibre-tapers

The flat fibre fanout was fabricated by Chiral Photonics. The method used for this
type of waveguide is based on the ”vanishing core concept” [27]. More specifically
a custom-made preform is fabricated containing seven core regions with refractive

index nq surrounded by sections of slightly lower refractive index ngy that are in turn
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FIGURE 2.4: Schematic of the fanout demultiplexer. The device
allows each core of a MCF to be addressed individually through a
single mode fibre held in a fibre V-groove array. Figure by [26].

surrounded by cladding material with refractive index of ns, where ni > ns > ns.
Fig. 2.5 (b),(c) show how one ”core” looks like.

One side of the preform is then tapered as shown in the Fig. 2.5(a). As the
preform is tapered [28], the inner core becomes too small to support propagation,
Fig. 2.5(d). The waveguide then acts as if it had a single core of index close to ng
surrounded by a cladding of lower index n3. The indices of refraction are chosen in
such a way so as for the two sides to have a matching NA and the sizes of the inner
and outer core are designed in such a way for the two fibres to have the same MFD.
On the untapered side, the inner core guides the light and is matched in this case
to a standard SMF. The SMF pigtails are integrated directly into the untapered
preform, ostensibly via standard SMF-SMF splices. The tapered side of the preform
is spliced to a multi-core fibre using a commercial PM splicer, Fig. 2.5(d) [29], [30].

The advantage of this technique is its compactness as well as the minimisation
of the losses in the interfaces, due to the fact that everything is fibre-based. The
average insertion loss per channel, not including the connectorisation, is 0.6dB for

a 7-channel fanout however this is dependent on the fibre.
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FIGURE 2.5: Configuration of a multi-core fibre fanout component a)
A four-core fibre fanout device is fabricated by four double cladding
fibres embedded in a fibre substrate. The fanout device, is typically
spliced to standard SMF in its wide end and connected with a multi-
core fibre in its narrow end b) The double cladding fibre has a central
core, an inner cladding, and an outer cladding, with refractive indices
of ni, ne, and ns, respectively; c¢) Cross section of the double-clad
fibre; d) Depiction of the mode field propagation and the vanishing
core process in the fibre coupler device. The central core (n1) can
support a single propagating mode in the wide end. However, in the
narrow end the central core is vanishing and the inner cladding (ns)
serves as a fibre core to ensure efficient optical mode field transfor-
mation between the narrow end and the connected multi-core fibre;
e)” Vanishing” core concept. The tapered side of the preform is fusion
spliced to the multi-core fibre end. Figure adapted by [29],[27].

2.4 Light scattering in Optical Fibres

2.4.1 Rayleigh scattering

Rayleigh scattering is the dominant scattering mechanism in an optical fibre. It

results from inhomogeneities occurring in a small scale compared to the wavelength
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of light. These inhomogeneities arise from density fluctuations and compositional
variations which are frozen into the glass during cooling, resulting in refractive index
fluctuations [31]. As the fibre is drawn, it is cooled very fast resulting in a density
distribution inside the glass that does not correspond to room temperature. In-
stead the distribution of density is frozen in a degree of disorder corresponding to a
higher temperature which is called fictive temperature [32]. Although an optimised
fabrication process can reduce the size and concentration of these inhomogeneities,
it cannot eliminate them since a degree of disorder will always remain in the glass
due to its amorphous structure. Rayleigh scattering is characterised by an atten-
uation coefficient which is proportional to 1/ A% and is therefore dominant to short

wavelengths. This coefficient is given by [33]:

873 s 2
QRayleigh = wncorep BKTF, (27)
0

where )\ is the vacuum wavelength, n¢qre is the core refractive index, p is the average
photoelastic coefficient, T is the fictive temperature, . is the isothermal compress-
ibility in Tr and K is the Boltzmann constant. The photoelastic effect in a material
couples the mechanical strain to the optical index of refraction. More specifically
the photoelastic coefficient p relates the change in the inverse permittivity tensor to
the strain tensor [34]. The isothermal compressibility (. is a measure of the relative
volume change of the solid as a response to a pressure [35]. Tables 2.1 contains the

physical parameter of silica for a standard single-mode fibre.

Description Symbol Value
Core refractive index n 1.46
Average Photo elastic coefficient p 0.286
Fictive Temperature Tr 1950K
Isothermal Compressibility at T Be 7-10""Mm2N-!
Boltzmann constant K 1.381-10723J . k!

TABLE 2.1: Physical parameters of silica for a standard single-mode
fibre [31].

One more type of scattering is Mie scattering. Mie scattering is due to homo-
geneities that are comparable or larger than the wavelength of light. In glass, such
defects could be created in the core-cladding interface, due to diameter fluctuations
or due to bubbles in the fibre. However in commercial fibres the effects of Mie
scatterings are insignificant. In the Modified Chemical Vapour Deposition process
which is the technique used for the fabrication of the MCF of this research, there is
a perfectly clean interface between core and cladding, with no roughness. Also the
diameter control of the fibres is better than about 0.3um so the diameter fluctuation

is insignificant.
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2.4.2

A typ

Optical Time-Domain Reflectometry (OTDR)

ical OTDR setup is depicted in Fig. 2.9. Light from a pulsed laser is sent

though a coupler into the fibre under test where it gets scattered in all directions.

The b

scope.

ackscattered signal is then received by a detector and analysed by an oscillo-

Probe pulse

FUT
~ 1= ©
Pulsed
La::r s ’) EEE
Acq. _\;_

Detector

FI1GURE 2.6: OTDR basic configuration. A probe pulse travels down

the fibre and gets scattered due to the various attenuation mecha-

nisms. A fraction of the scattered light that falls within the accep-

tance angle of the fibre is captured in the reverse direction and is
directed to a detector.

Ppg is the backscattered power returning to the launching end of the fibre at time
t=2z/vy [32].

v _
Ppg = = Eg : Ep(o) * O'Rayleigh * B(Z) e 20z (2'8)

where

vy is the group velocity of the probe pulse in the fibre.

E,(0) the energy of the pulse at location z = 0. For a rectangular, finite
duration, probe pulse of peak power P,, the pulse energy is E,(0) = P,(0) - 7,
where P,(0) is the average power of the pulse and 7, is the duration of the

pulse.
QRayleigh(2) is the Rayleigh scattering coefficient as a function of distance z.

B(z) is the fraction of captured power is the proportion of the total energy

scattered at z in the return direction and is given by B = (NA)?/4n2_ ..

« is the total attenuation rate at which the forward pulse energy is attenuated

and it is expressed in dB/km.

The spatial resolution of an OTDR system is affected by the input pulse duration.

For a pulse width of 7, propagating along the fibre, the spatial resolution corresponds
to half of that pulse width:
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) _ Tp(ns)
0z = — = dz(m) = 0 (2.9)

where the last term is a simplified relation for the case of the standard silica fibre

where ncore ~ 1.5.

2.4.3 Raman scattering

In Raman scattering, incoming photons are scattered by the molecules which un-
dergo a transition between two vibrational states. If the scattered photon is down-
shifted in frequency, the excess energy is used to excite the molecule into a higher
vibrational mode (Stokes wave). This is equivalent with the creation of a phonon.
In the case that the scattered photon is up-shifted (anti-Stokes wave), it has gained
its energy from a molecular de-excitation. That is equivalent to an absorption of
a phonon. The frequency shifts associated with Raman scattering are in the THz
range and the principal application of this type of inelastic scattering is temperature

sensing [36].

2.4.4 Brillouin scattering

The atoms in a solid (such as glass) are tightly bound to each other. As a result
the displacement of one or more atoms from their equilibrium position gives rise to
a collective oscillation, called a phonon, of all the atoms in the arrangement. This
oscillation, is essentially a periodic change in the the density of the glass. Brillouin
scattering occurs from the density fluctuations which are due to pressure variations.
Pressure fluctuations or sound waves propagate through the medium and hence,
light scattered from them will be Doppler-shifted (inelastic scattering process)[37].
Brillouin scattering is associated to the acoustic phonons of the material and the
frequency shifts observed are ~ 11GHz at ~ 1530nm. The quantum mechanic
description, involves the interaction of an incident photon (energy = A fincident,
momentum = Akjpcident) @ scattered photon (A fscattered, ikscattered) and a phonon
(h fphonons fiKphonon)- A phonon is either created or annihilated.
In the case of the Stokes component, the scattered photon has lower energy than
the incident one. This energy difference goes to the creation of a phonon. So, the

conservation of energy and momentum denotes [36],

fstokes = fincident - fphonona (2 10)

kstokes = kincident - kphonon-

Likewise in the case of Anti-Stokes, the scattered photon has higher energy than the
incident one. This excess of energy is provided through the absorption of a phonon.

Likewise, the conservation of energy denotes,
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fanti—stokes = fincident + fphonona (2 1 1)

kanti—stokes = kincident + kphonon‘

kphonon /\ k

incident . honon
incident P

kslokc s k

anti-stokes

FiGURE 2.7: Conservation of momentum diagram for Stokes and
anti-Stokes Brillouin scattering |Kstokes| = |Kanti—stokes|=|Kincident|-

Since the frequency shifts involved in the Brillouin scattering are small, we can
assume that ’kstokes‘ = |kanti—stokes|:|kincident" From the geometry of Fig. 2.7 it can

be seen that for both Stokes and anti-Stokes components [36],

2.7 facoustic

0 2-m-n 0
= 2 |Kincident| 8in () =2 (Core> sin <> ,
Vacoustic ‘ e ent| 2 >\0, incident 2

. 2+ Vacoustic * Ncore . 0
Sacoustic = \ s 5 .
0, incident

‘ kphonon | =

where ncoe is the core refractive index and 6 is the scattering angle. In the case
of the forward scattering (@ = 0) the frequency shift reduces to zero, while for the

backward scattering (6 = 7) the frequency shift maximises to

Faconstie = —-tacostie Meore, (212)
0, incident
The above equation shows that the Brillouin shift depends upon the acoustic velocity
in the fibre (which in turn depends on the Young’s modulus E of the material, the
Poisson ratio p and the density p [38]) as well as the fibre refractive index. Since all
the above parameters are dependent on temperature and strain, the frequency shift
is also a function of temperature and strain. Hence the Brillouin frequency shift
provides information about the strain and temperature that caused it. The next
section will explain in details how the strain information can be used for determining
the shape of an object.
The Brillouin scattering coefficient is given by [39]
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873 _
OBrillouin = wngoreszT(pvzccoustic) 17 (213)
0

where T is the absolute temperature and p is the mean density of the fibre.
The intensity of the Brillouin backscattered light at the front-end of the fibre is
given by [39]

v —2az
Ppg = ?g - E,(0) - Brillouin - B(2) - €72 (2.14)

where aprilouin 1S the Brillouin scattering coefficient. The typical value of the Bril-
louin scattering coefficient for a silica based fibre is agrifiouin = 1.17 - 1076m =1 [39].

Fig. 2.8 depicts the three scattering processes happening in a fibre (not in scale).
It is also noted that the total Brillouin power is a factor of ~ 30 smaller than the

Rayleigh power [36].

Stokes Components Antistokes Components
Rayleigh
~11Ghz
< ]
. ~13THz |!
Brillouin E Brillouin
Raman X Raman

s /:\ /2 ! AN\ /-:\ S
~ 77 NN\ 7z
Frequency

FIGURE 2.8: Schematic spectrum of the three scattering processes

happening in an optical fibre. Rayleigh scattering is an elastic pro-

cess. The Brillouin and Raman are inelastic scattering processes

with a frequency shift of 11GHz and 13THz respectively relative to
Rayleigh.

2.4.5 Stimulated scattering and non-linear effects

When the power of the pump laser beam is intense enough, that may lead to non-
linear phenomena such as Stimulated Raman Scattering (SRS) and Stimulated Bril-
louin Scattering (SBS). In order to avoid non-linearity effects, the input power en-
tering the sensing fibre should be less than the SRS or SBS threshold, whichever is



Optical fibre sensing: Overview 17

smaller.
The threshold for Continuous Wave (CW) stimulated Raman scattering (SRS)
defined as the input pump power for which the Stokes power becomes equal to the

pump power at the fibre output, is given, approximately, by [36]

16 A
PRRS o = Le ) (2.15)
GR Lieff

where A.g is the effective mode field area, defined as Az = 7(MFD/2)? for a
Gaussian beam, MFD is the Mode Field Diameter of the fibre, gg is the Raman
gain coefficient, and Leg is the effective interaction length.

The relationship for the stimulated Brillouin scattering threshold is given by a

similar equation [36],

PSBS _ 21Aeﬂ"
threshold 98 Leff )

(2.16)

where gp is the Brillouin gain coefficient.
The effective interaction length Leg is always shorter than the actual length of
the fibre L due to losses [40] and is given by [36],

Lup = & [1 — e<—%L>} , (2.17)
Qp
where «,, is the attenuation coefficient (~ 5-107°m~! for silica fibre). However,
in case a pulse is sent instead of a continuous wave, the interaction length has to
be calculated differently for each type of scattering. In case of Brillouin scattering,
which is a backward propagating process, the interaction length Lyt will be half of
the fibre length occupied by the pump pulse or the fibre length itself, whichever is
smaller. Stimulated Raman scattering on the other hand, is a forward propagating
process with a high free space wavelength shift of around 100nm for 1550nm pump.
Due to the material’s dispersion, after a walk off distance L., the Raman photons
are no longer coincident with the pump photons.
The "walk off distance” L,, is given by [36]

_ T
 D-AXN

Ly (2.18)

where 7, is the pump pulse duration, A is the difference in wavelength (~ 100 nm)
between the pump and Raman Stokes signal and D is the fibre’s material dispersion
parameter (typically 0.02ns-nm~!-km™! at 1.5um).

So, for the Raman scattering process, in case of a pulsed input, the interaction length

Lint will be either the walk off length or the fibre length, whichever is smaller.
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2.5 A Review of Optical Fibre Shape Sensors

2.5.1 Conventional Shape Sensors

Conventional shape sensors base their sensing technology on strain gauges, optoelec-
tronics sensors and Micro-Electro-Mechanical System (MEMS).

A strain gauge is a device used to measure strain on an object. It consists of
a metallic conductive pattern that is printed on a foil. The gauge is attached to
the object and as it is being deformed, the foil is subsequently deformed and so its
electrical resistance changes. The principle behind this lies in the dependence of the
electrical conductance on the conductor’s geometry. When an electrical conductor
stretches (within the limits of its elasticity) it will become narrower and longer,
which increases its electrical resistance end-to-end. Conversely, when a conductor
is compressed such that it does not buckle, it will broaden and shorten, which de-
creases its electrical resistance end-to-end. From the measured electrical resistance
of the strain gauge, the amount of induced strain may be inferred and subsequently
it can be related to curvature. One example of such a strain gauge is reported in the
work [41] where a skin attachable flexible sensor array is developed for respiratory
monitoring in case of premature infants. The purpose of this sensor is to detect the
beginning and end of the breathing cycle, through measuring the oscillating defor-
mation between thorax and abdomen caused by breathing. In case of abnormality,
the respiration device will be triggered. Another application of shape sensing based
on strain gauges is GloveMAP. GloveMAP is a device consisted by a hand glove
with strain gauges attached at its top surface. When a finger bends the length of
the strain gauge changes and as a result its resistance. The resistance change is
converted into a voltage output that is translated by an Arduino Microcontroller.
The signal produced is analysed using an algorithm in order to translate the hand
gestures into sign language [42].

Optoelectronics sensors used for shape sensing are based on a combination of op-
tical electronic sensors as the name implies. An example of this technology is Sensor-
Tape. SensorTape is a flexible tape containing gyroscopes, tri-axial accelerometers
as well as Time-of-Flight distance sensors which measure the time infrared light
needs to bounce from an object. This device can be used as a shape-measuring tool
in real-time as well as a wearable sensor for posture monitoring [43].

Another category of conventional shape sensors rely on MEMS technology. A
MEMS device is comprised of a proof mass with ”fingers” which is fixed on one end
with a spring and that it is free to move left and right when a force is applied [44].
The movement of these "fingers” that are located between fixed electrodes, change
the capacitance of the system and the acceleration can be measured. ShapeAcce-
lArray is another example of MEMS sensors. It consists of a series of waterproof
tubes each of them is equipped with tri-axial accelerometers and gyroscopes. This
type of sensor is used for deformation monitoring of geotechnical structures such as

borehole and pipes [44].
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Although conventional sensors are low-cost and compatible with electronics, they
have limitations due to their large size, complexity, since they require power sup-
ply and present a risk when used in hazardous and explosive areas owing to their
sensitivity to EM interference. Lastly, they do not offer a truly distributed way
of sensing. Below, a more promising category of sensors based on optical fibres is
presented, with a brief overview of its principles, applications as well as advantages,

compared to the conventional sensors.

2.6 Fibre Optic Shape Sensors

Optical fibre sensors convert measurands such as strain or temperature from the
physical world, to an electronic signal, through the use of light. Their history dates
back to the early 1970s when a low-loss glass optical waveguide was first fabricated
[45]. Microbend optical fibre sensors were one of the earliest fibre optic sensors. The
mechanical perturbation of a multi-mode fibre waveguide causes coupling of light
between guided modes and radiation modes. The change in the light intensity of
the bent fibre is measured by a photodetector and this signal can be used to detect
original environmental perturbation such as pressure, temperature or acceleration
[46], [47]. The idea of using multi-core fibres for bend sensing applications traces back
to late 70s. Meltz and Snitzer were granted patents in 1981 for a fibre optic strain
sensor that relies on the cross-talk phenomenon in a two-core fibre. As light energy
propagates along one core in the optical fibre, changes in strain or in hydrostatic
pressure cause a change in the relative energy that is cross-coupled between the cores
[11]. These approaches did not offer the possibility of identifying the direction of
the bend.

2.6.1 Discrete Shape Sensors
Shape sensing based on Fibre Bragg Gratings (FBGs)

The next improvement in the field of bend sensing comes from determining the di-
rection of bend. To achieve this, an alternative way of sensing was used, in which
the cores of a low cross-talk MCF have FBGs inscribed. FBGs are a periodic mod-
ulation of the refractive index in the core of an optical fibre. This modulation can
be created through UV laser radiation resulting in a wavelength-specific dielectric
mirror that reflects a very narrow band of light. The wavelength of the reflected
light depends on the period of the refractive index variation [48]. FBGs offer a
quasi-distributed way of shape sensing based on differential strain measurements in
cores having the same axial location but an opposite position about a fibre’s neutral
axis. When a fibre is under bend, the strain induced in the fibre changes the period
of refractive index modulation depending on the location of the grating with respect
to the neutral plane (compression or tension). As a result the Bragg wavelength
changes proportionately with this strain. By measuring the wavelength change, the

differential strain can be extracted and the shape of the object can be determined
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[49]. Gander’s work, published in 2000, is the first report of a directional bend sensor
based on Bragg gratings written in multicore fibres [50]. FBGs were written simul-
taneously in two-cores of a 4-core multicore fibre for one-axis bend measurements
and the reported curvature resolution was 0.31m~!. In 2003 the use of FBGs for
two-axis curvature measurement in three separate cores of a 4-core multicore fibre
[51] is reported for the first time, with a curvature error of 0.047m~!. Three years
later, distributed bend sensing was achieved thanks to a combination of FBGs and
Wavelength Division Multiplexing (WDM) [52]. In this technique, each grating that
is written to the fibre has its Bragg resonance at a different wavelength. Several
interrogation techniques have been used for determining the Bragg wavelength such
as Fabry-Perot filtres [53] or Mach-Zehnder interferometer [54]. In 2006, a fibre
optic position and shape sensing device described in a patent filled in by Luna In-
novations, based on a 3-core fibre with an array of FBGs inscribed into each core
[14]. The disadvantage of shape sensing with WDM is the limitation with respect to
the number of FBGs with different Bragg wavelength that can be written in a fibre

something that restricts the length of the measurement.

2.6.2 Distributed shape sensing

An optical sensor that is able to determine the spatial distribution of one or more
measurands at each and every point along a sensing fibre is called a distributed
optical fibre sensor [32]. There are several distributed sensing techniques that can
be used for shape sensing [55],[56]. Here we present a brief overview of the most

commonly used techniques for shape sensing.

Shape sensing using OFDR

A simplified OFDR setup is shown in Fig. 2.9. A pulse from a linear chirped laser

splits into the sensing arm and to the reference arm with the use of a coupler.

FUT

f
| S — ,@ Optical Frequency
TLS & t
Acq. _\":_ ~ k—E

Detector Reference path T 2t Time

F1GURE 2.9: OFDR basic configuration. Light from a linearly tun-
able source travels down to the sensing and reference arm. The dif-
ference in the path lengths between the two arms results in a beat
frequency that is characteristic of a specific location along the fibre.

The difference in the path length between the reference and the sensing arm results

in a delay of the pulse travelling in the sensing arm [39]. As a result, the two waves



Chapter 2: Optical fibre sensing: Overview 21

recombine at the detector with a beat frequency that is characteristic of the path
length difference. The implementation of this principle to shape sensing will now be
described in more detail.

The frequency of the source is linearly swept with time so we can write f(t) = yt+ fo.
Since the frequency and the phase are related as f(t) = d¢/dt, the phase of the

electromagnetic wave can be expressed as:

)= [ =[G+ = o) = ot + fut - (219)
where
e f(t) is a linearly tuning frequency
e v is the optical frequency tuning speed
e fi the initial optical frequency

The optical field at the reference arm can be written as [57], Fig. 2.10 a)

E,(t) = Eycos2n¢,(t)] = Eqcos [2# ( fot + ;%2)] (2.20)

where Fjy is the amplitude of the signal.
The backscattered light coming from a position z; along the fibre can be represented
as, Fig. 2.10 b),

Es(t) = VR(m:)Er(t — 71) (2.21)

= /R(7)Eg cos [27r [fo(t — ) + %w(t — n)QH (2.22)

where

2nz;
T =

(2.23)

C

7; is the time needed for the round trip from a location z; along the fibre, R(7;) is
the reflectivity of the fibre under test at the time delay 7;, n is the refractive index
in the fibre and c is the speed of light in vacuum.

The intensity of the beating signal reaching at the detector between a micro segment
af on the fibre and the reference signal is I(t) = |E.(t) + Y0_, Eq(t)]%. «, 8 are
two positions along the length of the fibre.
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FIGURE 2.10: Simplified OFDR schematic in the case of a) an un-
strained fibre b) strained fibre.

b
Iog(t) = E3+/R(ri) cos [27r < fori + it — ;'m?ﬂ (2.24)

where fp; = v7; is the beat frequency from the position with a time delay 7; within
the segment 5. In Eq. (2.24) only the AC term is kept.

When the fibre is under strain the length of the segment changes from L to L+ AL.
Then I,(t) becomes,

b
Tsreten(t) = Z ng/R(n) cos [27r <f0n + it — %'7712 — A(Z)))] (2.25)

In other words the strain induces an extra term in the phase A® = fALn/c which is
proportional to the change in the length AL [57]. The central frequency is denoted
with f.

A cross correlation between the spectrum (Intensity vs Distance) of a strained

section of an optical fibre and the spectrum of the same section measured when
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no strain applied is used to identify the shift in the strained spectrum [58]. So Ae
can be calculated from AMX. More specifically, Rayleigh backscattering caused by
the random refractive index fluctuations along the fibre can be modelled as long
and weak FBGs with randomly varying period. The wavelength shift, AX of the

backscattered light due to a temperature or strain change can be expressed as [59],

A
TA = K,AT + Kee, (2.26)

where K., K. are the temperature and strain coefficient respectively.

Below, some of the literature work where OFDR technique is used for shape
sensing purposes, is presented. In 2012 Luna Innovations demonstrated a fibre-optic
sensing technology for over 30m of a tri-core twisted optical fibre with an accuracy
between 0.4% and 1.3% by length [60]. The OFDR technique was used by Duncan
et al in [61] in comparison with FBGs in order to detect the curvature. The results
showed that the error in determining the diameter of the spool was about an order of
magnitude smaller when using OFDR (0.3mm) compared to using FBGs (1.9mm).
Various patents have also been filed describing the use of Rayleigh scattering in shape
sensing [62], [63], [64]. In 2017, Westbrook et al. [65], [66] used continuous FBGs
inscribed in helical multi-core fibres to enhance the Rayleigh scattering spectrum

and demonstrated bend sensing applications.

Shape sensing based on BOTDA

In 1989, Horiguchi and Tadeda of NTT (Nippon Telegraph and Telephone) Laborato-
ries used Brillouin Optical Time-Domain Analysis (BOTDA) to analyse attenuation
characteristics in a fibre [67]. Although it was first introduced as an improvement to
the Optical Time-Domain Reflectometry (OTDR) first developed in 1976 [68], it was
further established in the distributed sensing field since it allows the measurement
of the Brillouin frequency shift.

In this technique, two counter-propagating waves, a pulsed one (pump) and
a continuous one (probe) are sent from the two ends of the sensing fibre. Their
interference results in a high intensity of the electric field in the region of interaction
which, due to electrostriction alters the refractive index of the core in a periodic
manner leading to the creation of a density wave that moves in the same direction
as the pump. The interference happens only for the length of the fibre where the
frequency of the phonons match the Bragg condition that is the difference between
the frequency of the pump and the probe match the BFS frequency, foump — fprobe =
2NVacoustic/ Apump- Due to the elasto-optic effect the acoustic wave acts as a moving
grating leading to a power transfer from the pump to the probe resulting in a net
gain for the latter and net loss for the former [69]. This process is schematically

shown in Fig. 2.11.
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FIGURE 2.11: Principle of BOTDA. A pulse of light with frequency
fo impinges upon the fibre. The interference between the incident
light and the phonons with frequency v; results in a high intensity
electric field with frequency fo — 1 in the region of the interaction.
The refractive index of the material is altered locally in a periodic
manner resulting in a periodic pattern in the density of the material
that can be seen as a moving Bragg grating. The interference between
the acoustic wave and a counter-propagating continuous wave leads
to an even stronger grating which in turn results in an even stronger
backscattering of the input pulse. This loop continues until the pump
deplets completely.

By scanning the frequency of the continuous light wave, the Brillouin frequency
shift and subsequently the strain distribution, are mapped along the length of the
fibre and the 3D BGS is reconstructed as shown in the concept figure, Fig. 2.12.

The spatial resolution of BOTDA is limited to ~ 1m due to the phonon lifetime
[70], [69]. However, in order to increase the spatial resolution a combination of
Differential Pulse Width Pairs (DPP)-BOTDA can be used. In this technique two
Brillouin Gain Spectra (BGS), obtained from pulses shifted in time, are subtracted.
The rising and falling time of the pulses define the spatial resolution [70]. Multi-core
fibres (MCFs) have been recently investigated for distributed curvature sensing using
a combination of DPP-BOTDA. Zhao et al. measured a range of curvatures between
10m~! to 20m~! using Brillouin optical time domain analysis (BOTDA), with an
error of less than 8% over a 1km long 7-core fibre and with a spatial resolution of
20cm [71].

In 2017 a group from Poland, used BOTDA in combination with a multi-core
microstructured fibre in order to investigate the effects of bending on the Brillouin
Frequency Shift (BFS). In the research reported in [72], 26m of a 7-core fibre with air-
hole isolation were coiled in a spool and it was shown that the frequency shift induced
in one of the outer cores varied along the fibre while the frequency shift corresponding
to the central core, remained constant [72]. Ba et al performed shape reconstruction

experiments by gluing two optical fibres on both sides of three semicircles with
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FIGURE 2.12: Schematic of BOTDA sensing process. a) The in-

terference between the continuous wave light and the pulse happens

only for the region of the fibre where the phase matching condition

is met. b) As a result the strain in the fibre can be mapped along its
length.

different bending radii (10cm, 7.5c¢m, 6.25cm) and by measuring the BFS, achieving

a relative error of 5% for the entire curve [73].

Shape sensing using BOTDR

An alternative, single-ended technique based on Brillouin scattering was demon-
strated in 1993 by a team also at NTT. This technique was Brillouin OTDR
(BOTDR) [74] in which the wavelength and intensity of the spontaneous Brillouin
backscattered signal are used to map the temperature and strain along the fibre.
This is the technique that has been used in this study and a more analytical de-

scription will follow in Sec. 4.3.

2.7 Comparison of the techniques

Choosing the appropriate technology for a specific application requires to consider
the spatial resolution, range, strain resolution, update time and cost needed [32].
There is not ”one size fits all” technique regardless the application and so a careful
judgement of all the above parameters should be made before making a selection.
Brillouin-based techniques based on spontaneous scattering offer a lower signal
to noise ratio compared to the techniques based on stimulated scattering where the
light is amplified [39]. That means that they require more averaging to compensate
for the additional noise, rendering them more appropriate for static and quasi-static
distributed temperature/strain measurements. Conversely, the access from both
ends that offers the possibility for stimulated scattering in BOTDA techniques can
be turned into a disadvantage when it comes to a fibre breakage. More specifically
if the fibre breaks, all the measurements are lost, while in case of single-ended
techniques, all the measurements that have been collected up to the point of the

breakage can be acquired and analysed.



26 Comparison of the techniques

Brillouin based techniques generally have a spatial resolution in the range of 1m.
This is due to two main limitations relating to the pulse width and the broadening
of the BGS [75]. It is known that spatial resolution depends on the pulse width as
32],

5z = %gfp (2.27)

where v, is the speed of light within the fibre and 7, is the pulse width. So it is safe to
assume that the shorter the pulse width the higher the spatial resolution. However a
decrease in the pulse width results in an exponential decrease of the power entering
the sensing fibre [75]. One more important factor affecting the spatial resolution
is the broadening of the BGS. The detected BGS is the convolution between the
natural BGS which has a linewidth and the pulse spectrum [76]. The broader the
detected BGS, the less accurate the determination of the central frequency becomes,
affecting the frequency resolution.

The Brillouin spectrum is accurately approximated by a Lorentzian function with
a resonance frequency of fp and a Full Width Half Maximum (FWHM) of A fp that
is related to the phonon lifetime I' as [77],

Afp = % (2.28)

Since the phonon lifetime is ~ 10ns the linewidth of the BGS is reported to be
~ 33MHz for silica fibre [78].
Linewidth and signal-to-noise-ratio considerations determine the minimum de-

tectable change in fp

Afb

(SfBZ \/E(SNR)I/ZP

(2.29)
where SNR is the electrical signal-to-noise power ratio. This in turn has an effect in

the strain resolution. Taking into account that the strain resolution is given by [79]

_ofB

e = —fBC,

(2.30)

where fp is the central Brillouin frequency and C' is the strain coefficient, then the
strain resolution is mainly defined by the frequency resolution and could come down
to the range of a few tens of microstrain if the frequency resolution is a few MHz.
By improving the SNR the frequency resolution can be further improved however

there is still a limit due to the unavoidable broadening of the measured BGS.
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Brillouin-based DOF'S use the frequency and intensity variations of the Brillouin
backscattered light to measure the absolute temperature and strain of the fibre.
The Brillouin frequency shift (BFS) is linearly dependent to the temperature and
axial strain exerted on a fibre [79]. As a result with the Brillouin based techniques
the absolute strain or temperature can be measured. This is not possible with the
Rayleigh based techniques that rely on the relative motion of the inhomogeneities
in a fibre.

Rayleigh scattering occurs due to randomly distributed density fluctuations that
are frozen into the fibre during the cooling process as it has already been described
in section 2.4.1.

The sensing principle of the Rayleigh-based optical fibre sensors depends almost
entirely on these inhomogeneities and their relative movements. Any fluctuation in
the position of these inhomogeneities due to variations in temperature and strain of
the fibre affects the phase, intensity and polarization of the Rayleigh scattered light
in the fibre [39].

This relevant motion implies that an acquisition of a reference spectrum is always
needed at the start of the process to extract the influence of the strain/temperature
on the fibre. However it is worth noting that the application of strain in the fibre
not only shifts the position of the inhomogeneities but also redistributes them. Since
the cross-correlation method requires the data to be relatively uniform, the OFDR
technique is limited to a very small strain range between 0.1 and a few pe for which
the OFDR traces remain relatively uniform [39]. It should be noted that although
a reference coil is needed for the determination of the absolute strain in a BOTDR
system, in the case of shape sensing where it is only the differential strain between
the cores that is needed, such reference is not necessary. On the contrary, in the
case of the OFDR technique, a reference measurement of all the cores is required in
the beginning of the experiment.

FBGs are a quasi-distributed alternative that provide a mm resolution. So when
localised measurements are of interest, at selected positions along the fibre length

and at a reasonable cost, those sensors are proven to be very good candidates.

2.8 Applications of optical fibre shape sensing

There are many applications of the emerging field of shape sensing, ranging from
medical robotics and aerospace, to the mining industry and structural health mon-
itoring to name just a few. The reader can be referred to a plethora of review
articles overviewing the applications of shape sensing [80-87]. This section aims to
only give a taste of the range of applications that shape sensing can find use and
inspire further reading.

The Da Vinci surgical system, made by Intuitive Surgical (USA) [88], is the
only commercially available tele-operated surgical system. Its equipment structure

is based on a master-slave system with three functional units, the operator console
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(master system), the vision cart (control system) and the patient cart (slave system)
Fig. 2.13. The surgeon sits as the operator control outside the operative field and
through enhanced, magnified 3D images he controls the fibre optic guided instru-
ments that are located in the patient cart (slave system) using master hand controls
and foot pedals. The vision cart processes information to and from the control and

patient carts.

Fibre optic guided instruments
> G

-~

F1GURE 2.13: The three functional units of the Da Vinci robotic sys-
tem: operator console (master system), vision cart (control system)
and patient cart (slave system). Source [88].

The determination of the shape of a structure is based on the measurement of
the shape of the optical fibres that are in contact with the articulating segments of
the robotic device [89]. By knowing the shape of these optical fibres the curvature
and the relative position of the instrument to which the optical fibre is associated
can be determined.

In urban environments it is common to construct new tunnels close to already
existing underground structures. Usually the ground movements due to the con-
struction of a new tunnel lead to an ovalisation of the structure that is in close
proximity to the newly constructed one, Fig. 2.14 a).

In the work reported by Gue et al. [90] fibre optic cables were attached to
the linings (walls) of the existing cast iron Royal Mail tunnel as seen in Fig 2.14
b), ¢ and distributed fibre optic train sensing was performed using BOTDR. As a
result, a continuous strain profile was measured during the construction of Crossrail’s
platform tunnel less than 2m directly below it. In this way engineers can be informed
about the health of the structure, preventing potential damage and catastrophic
accidents.

The Industrial Centre for Geological Disposal, or Cigeo, is a deep geological
disposal facility for radioactive waste to be built in France. It will serve for disposal
of highly radioactive long-lived waste produced by France’s current fleet of nuclear
facilities, until they are dismantled, as well as from reprocessing of spent fuel from

nuclear power plants.
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FIGURE 2.14: a) Visualisation of the tunnel deformation from fi-

bre optic strain data b) Cross sectional fibre optic cable attachment

via continuous gluing c) Fibre optic cable instrumentation layout at
Royal Mail tunnel. Figure taken by 2.14.

Monitoring the convergence of a tunnel is vital when the structural health must
be secured in order to ensure safety of the radioactive waste repository cells. Con-
vergence, refers to the deformation of the circular cross sectional area of the void of
a tunnel, due to the stress redistribution happening during an excavation. Recently
Piccolo et al. [91] used BOTDA technique to monitor strain in a metal ring, that
served as a mock-up of the Cigeo’s underground radioactive waste repository Fig.
2.15.

Finally a finite element method was used to calculate convergence from strain
data achieving 1mm resolution in its determination.

One of the most promising and impressive applications of fibre optic sensing
technology is in the field of aerospace. As the curiosity rover is currently explor-
ing Mars, future missions will require greater mobility and the ability to navigate
through challenging terrains for in situ measurements and physical sample collec-
tion. Tethers to a stationary base provide power, decreasing the need for on board
electronics. They can also be used to support the rover as it navigates steep slopes,
to pull it out of loose soil or to guide it back to the base station. If the tether gets

damaged the rover may lose power and communication with the base station,
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FIGURE 2.15: Left: Metallic ring used in the laboratory as a mock-

up of the underground cell. Right: Details of the sensors employment

where the cable is fixed on the metallic ring either by [1] soldering or
[2] gluing. Source [91].

limiting its lifespan to its last charge forcing to end its mission ahead of time.
Knowledge of the tension, the curvature and the shape all along the length of the
tether in a distributed way can help identifying cliff edges, twist, turns and sharp
rocks minimising the risk of a potential damage of the rover during its expedition.

Luna and Nasa’s Jet Propulsion Laboratory [92] have developed and tested in
the field a prototype tether containing a specialty multicore fibre. In combination
with the use of OFDR technology they demonstrated high resolution (1.6ue and
better than 50um spatial resolution). The mechanics of this tether can be seen in
the top image of Fig. 2.16, where it is shown that the MCF is located at the central
axis of the cable. The rover was tested at Mars Yard which is a simulated Martian
landscape with soiled and rock characteristics matched to some regions of Mars.
As the rover descends a steep slope, Luna’s sensing tether shows several points of
interest, see bottom Fig 2.16. Point (A) is the point where the tether is clamped
to an anchor point. The curvature shows a tight bend and the tension shows a
sharp increase. At location (B) the tether is snagged on a rock. A local curvature
event marks the bend at this location, and a rapidly changing tension feature shows
that the tether is wedged tightly. Finally a small curvature feature marks the point
where the tether enters Axel’s boom arm at point (C). The elevated curvature for
the distal end of the tether’s length shows where the bulk of the tether is spooled

around Axel’s central hub.
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F1GURE 2.16: TOP: Tether’s mechanical design. Luna’s customized
spun sensing multicore fibre is located at the cable’s central axis.
The four copper cables surrounding the sensing fibre serve for provid-
ing power and communication signal to the Axel-rover. BOTTOM:
Demonstration of identification capability of several features as the
rover descends a steep slope, such as the tether anchor point (A), a
rock snag (B) and the cable’s entrance into the rover’s arm (C) by a
combination of tension and curvature measurement. Figures adapted
by [92].

2.9 Summary

This chapter provided a brief overview of optical fibres and their relation to dis-
tributed sensing. Two methods for fabricating spatial de/multiplexers for multi-
core fibres were described and the physical principles of Rayleigh, Brillouin, and
Raman scattering were introduced. The basic shape sensing techniques were ex-
plained and a comparison was attempted. Brillouin-based techniques have a lower

spatial resolution compared to those based on Rayleigh scattering although they
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offer the advantage of measuring the absolute strain/temperature. FBGs are quasi-
distributed but cost-effective alternatives. Each sensing technique has a trade-off
and the choice depends on the application. Various fields of the shape sensing tech-
nology are presented in the last section.

In the next chapter the fabrication process of two novel multi-core fibres cus-

tomised for curvature sensing is introduced.
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Chapter 3

Multi-Core Fibre Fabrication

3.1 Introduction

Multi-Core (MC) preforms require a number of standard Single-Mode (SM) cores
to be arranged in a single cladding-preform. This requires core rods, which are
essentially thin SM preforms and a method to arrange them inside the cladding in
order to form the required geometry.

There are a few techniques that can be used to create a multi-core fibre preform:

e Drilling holes in a large silica rod, inserting the core rods then heating until a

solid rod is formed. This process is called collapsing.

e Using a Sol-Gel [93] or slurry technique [94] and a mold to make the host large

silica rod. Then inserting the core rods, heating and collapsing.

e Stack and draw technique [95]. In this process SM fibre preform and spacing
rods are stacked inside a high quality quartz glass tube. Then this stacked

preform is heated, collapsed and drawn into a fibre.

e Sand Cladding technique which is a proprietary cladding technology used by
Nextrom. In this process, the gap between the core rods and the thin wall
outer tube is filled with silica granulates and then treated and sintered to

clear glass.

In this chapter the fabrication process of a multi-core fibre will be described in
detail. The structural unit of a MC preform is the SM core and its fabrication using
the Modified Chemical Vapour Deposition (MCVD) method is presented in section
3.1.1. Next, the method the MC preform is assembled and drawn is described in 3.1.2
and 3.1.3 respectively. After the description of standard MC preform fabrication,
the process for fabricating D-shaped and flat fibre are presented in sections 3.2 and
3.4.

3.1.1 Fabrication of Single Mode fibre preform

Fibercore uses Modified Chemical Vapour Deposition (MCVD) for the fabrication of
the fibre preforms. The MCVD process is based on the high temperature oxidation

of reagents inside a rotating tube which is heated by an external heat source [96].
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FIGURE 3.1: Schematic of the MCVD process. Different halide com-

pounds can be used depending on the desired dopants and properties

of the fibres. With the pass of carrier gas, such as Oz, the reagents

are delivered in the glass working lathe through a pipe. The burner
provides the heat required to initiate the reaction.

Chemistry The halides have high vapour pressure in room temperature which
means that they can be easily evaporated once the temperature is just above ambient
[97]. Each halide compound is kept in liquid phase inside a glass bubbler where the
temperature is 25°. With the pass of a carrier gas, (N2 or O2) depending on the
halide compound), those reagents are delivered in controlled amounts to the glass
working lathe through a pipe. The flow rate of the halides is controlled by Mass
Flow Controllers (MFC) that adjust the mass of the carrier gas according to the
deposition. The compounds we can use are SiCly, POCls, GeCly, BBrs.

Tubing Setup In the glass working lathe, the process starts by joining the deposi-
tion tube, which is a low water, high purity glass from Heraeus, with two lower-cost
glass tubes that are called start-up and extract tube. The glass setup consists of the
start-up and extract tube mounted on the chucks and the deposition tube welded
in the middle. The start-up tube serves for the transfer of the gases inside the de-
position tube without wasting a longer length of expensive glass. The extract tube
has a double role: on the one hand it leads all the unreacted chemicals towards the
extract system that ends to the scrubber; on the other hand, it helps maintaining the
pressure inside the deposition tube slightly above the atmospheric. This is achieved
by supplying a flow of gas into the tube to oppose the flow of gas coming from the

deposition tube.

Deposition The deposition of standard Ge/Si core material was done using the
MCVD process described above, but with the core scaled up such that instead of
being SM when drawn to 125um, it is SM when stretched, put into the MC preform
and drawn to 125um, Fig. 3.2. This means that it has to have a much larger
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core-size than a standard SMF to give it the correct properties (NA, MFD, cut-off
wavelength) when in a MCF, Fig. 3.2. The basic design parameters of the multi-core

fibre are described in sections 2.2, 2.3.
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MCVD (not in scale)
OD =25 mm B = 143 mm Dy =125 pm
ID =20 mm (am = 0.62 mm Q.. =525 pm
Ge Core )
Deposition F 1bre Draw
> o
Fibre Draw
b)
Silica tube Large core SM for 7CF SM core preforms after
stretching
MCVD
OD =25 mm ?,,= 143 mm Doa = 5.8 mm
ID =20 mm Q.= 1 mm D = 1.26 mm
Ge Core )
Deposition Stretching
— —> O
(Core scaled up) (1o fit in the MCF

preform)

FIGURE 3.2: Schematic of the stages used during the fabrication
process of a) a standard SM preform and of b) a SM preform used for
the assembly of a MC preform. In the latter case, the Ge deposition
intends to a larger core, so as for every core of the MCF to support
SM transmission when the MC preform is drawn in a 125um fibre.

3.1.2 Creation of a MC preform

The fabrication process of the MC preform started with the SM preform fabrication
that has been described in the previous section, Fig. 3.2. The SM preforms were
then stretched in order to be inserted into the cladding preform, Fig. 3.9. Stretch-
ing the preform allows it to be elongated, reducing the diameter according to the
conservation of mass, whilst maintaining an identical core to clad ratio.

The cladding preform is 30mm in diameter with 5.8mm diameter holes and it
was made by KOHUKU using the slurry casting method, Fig. 3.9. In this technique
the starting point is silica powder that is ground with distilled water and an organic
binder until the mix becomes a slurry. Then a polymerisation initiator is added and
the slurry is transferred into a metal mold. Metal rods are placed to form the holes
of the preform. After the polymerisation is done the organic binder has solidified
and the metal rods are removed. The preform is cleaned, dried and sintered to

obtain a clear glass finish [94].
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FI1GURE 3.3: Schematic process of the MCF fabrication process. The
SM preforms are first created and then inserted into the cladding
preform’s holes. The assembly is heated and sealed up until a solid
glass preform is formed. The MC preform is then drawn into a fibre.

The fabricated cores were inserted into the holes and the assembly was then
formed into a solid rod. This was achieved by heating the glass until it softens, and
surface tension collapses the hole around the rods. This process is called collapsing
and it is accelerated by creating a pressure lower than the atmospheric in the holes
using a vacuum system, which also aids in reducing the likelihood of trapped gas

causing bubbles in the final preform.

3.1.3 Drawing of MCF

The drawing of MC fibres follows the standard drawing process, since the preform
that has been formed into a solid rod, reacts no differently to a standard single core
preform. For the draw the preform is being fed in a graphite resistance furnace.
This type of furnace requires an inert atmosphere to prevent the oxidation of the
graphite element [33]. That is secured by having a flow of Ar inside the furnace that
displaces the oxygen.

As the preform is fed in the furnace, its end is heated until it softens enough for
the glass to deform. This creates a neck-down region which results in a reduction

of the diameter that should be small enough to go through the coating applicators.
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Circular dies 270um in size are used for a 245um coating. The fibre diameter is
measured by a laser micrometer which consists of a laser beam and a receiver. As
the laser beam scans the measuring area, it gets shadowed by the fibre that is placed
in the direction of the beam. By measuring the shadow time, the fibre diameter can
be calculated.

Once the fibre has been threaded through the coating applicators, it is then put
through a capstan — which controls the draw speed of the fibre. At this start-up
of the process, a certain amount of fibre is lost while the fibre is gradually being
reduced in diameter.

As soon as the desired diameter is reached, the coating is applied, usually at a
low speed. Normally two layers of coating are applied (a soft primary and a hard
outer coating) but it can be a single layer coating too. The soft primary acts as
a buffer between the hard outer layer and the fibre - so less stress is transferred
through. The main advantage of using two coatings is that it makes it easier to
strip the coating away. After the coating application is applied, the draw speed is
increased to the required level.

After that, the fibre goes through the laser micrometer before reaching to the
bottom of the tower. At that point the filament goes into the capstan which provides
the drawing force and it is finally wrapped to a drum that can support up to 35Km-
40Km of standard fibre. The uniformity of the fibre diameter depends on the control
of the preform feed rate, the preform temperature, and the pulling tension. The
equations that describe the drawing process are based on the conservation of mass
stating that the volume of the preform before the drawing should be equal to the
volume of the fibre after the draw [98]:

Vpreform = Vhbre (31)

2reform d2
lpreformﬂ' L 1 = lﬁbreﬂ'% (32)
Ufeed d]?)reform = Udraw d%ibre (33>

where Vireform, Vibre is the volume of the preform and the fibre respectively, [preform,
lgpre is the length of the preform and fibre respectively, dpreform, dfibre is the diam-
eter of the preform and fibre respectively, Uteed, Udraw is the feed and draw speed
respectively. The feed speed is the speed at which the preform is fed into the top
part of the furnace and draw speed is the speed at which the fibre is exiting the

bottom of the furnace.

3.2 D-shaped preform fabrication

The fabrication of the D-shaped fibre starts by manufacturing the MC preform in
the way it was described in Sec. 3.1.1, 3.1.2. The MC solid glass preform was then

stretched to increase its length, since a certain amount of the preform is lost in
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the start-up process of the fibre draw. As a final step of the preform fabrication,
the 18 mm diameter preform, was mounted on a milling bed and a diamond milling
tool was used to mill one of its side by 1.6 mm. The amount of preform to be
milled was an estimate based on the the fact that the preferential bend is down
to the degree of asymmetry in the fibre. If the aforementioned amount resulted in
insufficient bending preference of the fibre, further iteration in the fibre design would

be considered and another attempt would be made.

Solid glass MC perform D-shaped MC perform D-shaped MCF
@dad 30 mm Dpa= 18  mm Doa =125 pm
D..= 1.26 mm @..= 0.756 mm D, = 5.25 um
1.6m
‘ ‘

Stretching Milling Fibre Draw

FIGURE 3.4: Drawing of the fabrication stages of a D-shaped MCF.

The solid glass MC preform is first formed and then stretched, to

increase the total length of the preform prior to drawing. In this

way the yield of the process increases. One side of the cladding is

subsequently milled lengthwise to create the D-shaped geometry and
the fibre is then drawn to the desired dimensions.

Two options were investigated for the milling direction of this preform and they
are depicted in Fig. 3.5. Each one has its own advantages and disadvantages. The
first milling option offers the advantage of an increased sensitivity since two of the
cores (5,3) have the maximum possible distance from the bending plane. However
there is a risk of not being able to use the core close to the milled side, due to
high mode leakage in case of excessive milling. Option 2 offers the margin for more
milling before affecting the cores, hence enhancing the preferential bend of the fibre.
However the expected sensitivity is lower compared to option 1 since cores 1 (or 2)
and 6 (or 7) do not have the maximum distance from the bending plane.

Option 1 was finally preferred for the D-shaped fibre since it offers the option
of increased sensitivity and the amount of milling can be controlled in a way so as
not to cause mode leakage. This fibre can be installed on the medium of interest
by gluing it along the structure. For the purpose of the curvature tests described in
the next sections, the fibre was wrapped around spools of various diameters using a

rewinding machine.
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Milling Option 1 Milling Option 2
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ending axis Bending axis
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FiGure 3.5: Schematic of the two possible directions for milling

with respect to the fibre cores. The first milling option offers the

advantage of an increased sensitivity since two of the cores (5,6) have
the maximum possible distance from the bending plane.

3.3 D-shaped fibre draw

In order to maintain the D-shape, a temperature of 1900°C, 100°C lower than the
standard drawing temperature was used. The fibre was drawn with a tension of
160g at a speed of 60m/min. For the draw of the D-shaped fibre the standard
pressurized-coating system was used along with circular dies. Dual coating was also
applied with the thickness of the primary being 185um and the thickness of the
secondary 245um. The layout of the drawing tower used for the fabrication of the
D-shaped fibre can be seen in Fig. 3.6.

It is important to note that the draw of this fibre geometry presents a significant
challenge compared to the standard MCF. As the fibre is pulled, it is crucial for
the D-shaped side to always maintain the same orientation along the length of the
fibre. The preferential bending of the fibre means that as the fibre is bent round
the capstan at the base of the drawing tower it will stay in the same orientation. If
the fibre was inadvertently twisted during the start up (when the end is dropping
down) this twist will be preserved throughout the draw. As the twisted part of the
fibre enters the capstan it rotates the fibre above, imparting another twist on the
fibre in the furnace. This process then repeats once that part of the fibre reaches the
capstan. If there is a built-in twist in the fibre along a certain length while shape
sensing is attempted, a said core may appear under compression while it is actually
under tension rendering ambiguous the determination of the bending direction.

Due to the height of the tower and it being on multiple floors, it was not possible
to stop the fibre from twisting during the start up process. All efforts were made to
minimise the twist making it a significant improvement over the standard circular
multi-core fibre, which has constant random twists during drawing.

Fig. 3.4 shows the geometry of the multi-core fibre that was created. The fibre
has a pitch of 35 um and a core diameter of 5.25 yum.
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FIGURE 3.6: Schematic of the drawing tower configuration used for
the D-shaped fibre fabrication. Circular dies and a pressurized coat-
ing system have been used for this type of draw.
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3.4 Flat fibre fabrication

As with the D-shaped fibre, the fabrication of the flat fibre starts with the MC
preform assembly. The solid MCF preform is then stretched to a 3:1 ratio, inserted
into a sleeving tube and then the sleeved before the milling. The fabrication stages
of the flat fibre preform are depicted in Fig. 3.7 and they will be described in detail

in the next sections.

Cladding preform Solid glass Stretched Sleeving tube
MCF perform MCF preform
OD = 30 mm Dya= 30 mm e =11.73 mm ID =11.73 mm
ID = 5.8 mm D..= 1.26 mm D.. = 049 mm OD =35.19 mm
O Rod in tube Stretching

025~ )70

+
Sleeving ¢

Core preforms

O]
@ @ @ Sleeved MCF preform

O) o) ©) @, =35.19 mm

@ = 049 mm

core

247mm long

~

—

Milling

Flat fibre preform ( : )

FIGURE 3.7: a) Core preforms that were fabricated using MCVD

were inserted in the cladding preform fabricated by the slurry cast-

ing method. The 7CF preform that was produced after the sealing

process was then stretched to a 3:1 ratio in order to fit into the sleev-

ing tube. After sealing, the sleeved MCF was milled to the desired
size.

3.4.1 Stretching

First the tip of the preform was heated to become smooth and lump-free, Fig. 3.8 (a).
A rod handle was subsequently joined to the other end and the burner was passed a
few times to smooth the diameter. This step is important as anything non uniform
will be accentuated during the stretch. Once the diameter reached a value of around
17mm the stretching was paused the preform was separated from one of the handles,

Fig. 3.8 (d) and that tip was joined to a glass handle of a smaller diameter. Ideally, it
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is desired for the diameters of the handle rods to match the diameter of the preform

at every stage of the stretching.

l)I)m rner tallstock

—>—>

FIGURE 3.8: Stretching stages: a) The tip of the 7CF preform is

heated in order to make it lump-free. b) The preform is stretched. c)

Thinning of the preform due to stretch. d) Separation of the handle

rod from the 7CF preform in order to later join a handle rod of a
matching diameter.

In the next stage the preform had to be stretched to a 3:1 ratio in order to
be sleeved subsequently. In order to achieve the 3:1 ratio, the 30mm 7CF preform
had to be stretched to a diameter of 11.73mm. In order to perform the stretch
Fig. 3.8 (b), (c), the final position of the tailstock was specified and its speed as well
as the speed and the flow of the burner were controlled. Typical values for the speed
is 50mm/min and burner flow of 40 — 60 lpm Hy with a 2 : 1 ratio to O2 respectively.
It is noted that the speed and the burner flow were kept constant during a single
stretch pass. They were only altered for each new pass, in order to maintain the
same temperature and achieve the required end diameter.

The equations that govern the stretching process follow the mass conservation,

Vbefore stretching = Vafter stretching (34)

& 2 .
I before stretching —1 after stretching 35
before stretching 77 4 after stretch 70 f ( . )

2 _ 2
Vteed d preform — Upull d fibre (36)
2 o 2

('Uburner - Utailstock) dbefore stretching — Utailstock dafter stretching (37>

where Viefore stretching, Vafter stretching 1S the volume of the glass before and after
stretching respectively, I pefore stretchings ! after stretching 15 the length of the preform
before and after stretching respectively, dpefore stretchings Qafter stretching i the diameter
of the preform before and after stretching respectively, Utailstock,; Uburner 1S the speed

of tailstock and burner respectively, Vgeed, Upul is the feed and pull speed respectively.
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According to Eq: (3.4)-(3.7) and for a diameter of 11.73mm the length of the preform
after the stretching is 1.25m Fig. 3.9.

FIGURE 3.9: a) The length of the 7CF preform used for the fabri-
cation of the ribbon fibre before stretching is 135mm while b) 1.25m
after.

3.4.2 Sleeving

A sleeving tube with Cross Sectional Area (CSA) of 863.74mm and a length of
600mm was used for the process, Fig. 3.10.

The process starts with the preparation of that glass Fig. 3.10 (a). After polishing,
it was then etched by using gas phase etching. In this technique SFg is used a

precursor which reacts with SiOg according to the reaction [99],
SFe(g) + 5 SiO2(g) — 5 SiF4(g) +502(g)* 5 02(g)

This removes a layer of SiOy from the inner surface of the glass, where the diffusion
of OH™ will have occurred, revealing a pristine uncontaminated layer [98]. The
OH~ contamination may have three sources: a) thermal diffusion of OH™ from the
starting deposition tube into the core during processing b) incorporation of OH™
from impurities in the starting reagents and carrier oxygen gas and ¢) contamination
which results from leaks in the chemical delivery system.

Finally, the stretched 7CF rod was inserted into the sleeving tube, Fig. 3.10 (b)
and it was sealed by putting it under vacuum Fig. 3.10 (c). It is noted that the
length of preform with a uniform diameter was about 600mm, which is also the
length of the sleeve tube. A significant amount of the glass is lost at the start of the

stretching process as the process is being stabilised.

3.4.3 Milling

The surface of the glass was milled off in order to create rectangular sides, using

a rotary grinding process. The sleeved preform was clamped on the milling bed
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FIGURE 3.10: a) Preparation of the sleeving tube by polishing it and

etching it using SFg The dimensions of the sleeving tube that was

used for sleeving to 1:3 ratio were: Outer Diameter: 35.95mm, Inner

Diameter: 13.88mm. Length: 600mm. b) Insertion of the stretched
MCEF preform into the sleeving tube. c) Sealing process.

Fig. 3.12 (a) and the diamond tool rotated as shown in Fig. 3.11 in order to grind
the surface.

The bed was moved upwards by the milling-off step and once the milling tool came
into contact with the glass, the bed was moved in the horizontal plane in order
to grind along the length. The milling head has a diameter of 30mm but since
the preform’s horizontal dimension is 35mm the milling had to be performed in a
rectangular shape as shown in the inset of Fig. 3.11 in order to cover the whole
surface of the glass.

The head was moved by 12mm relative to the centre of the preform in order to
mill off the right side. Once that side was finished it was moved —12mm relative
to the centre, as shown in the inset of Fig. 3.11 in order to finish off with the left
side. After milling the upper part of the preform it had to be rotated and clamped
upside-down in order for the bottom part to be milled as well. The milling was
performed in various steps. First a large volume of glass was milled off with a step
of 500um, Fig. 3.12 (b).

During the processing the preform cracked due to the force of the milling and the
lack of support at the center of the length. This resulted in two separate preforms,
with a length of 247mm and 300mm respectively that had to be milled indepen-
dently. Before restarting the milling process, each one of the two preforms was first
glued to an aluminium surface using hot glue to reduce the risk of further cracking

whilst milling. The aluminium surfaces were then clamped onto the bed in order
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FIGURE 3.11: Top: The sleeved 7TCF preform clamped on the milling

bed. The bed can be moved upwards with a step of 25um in order to

adjust the amount of glass we want to take off. It can be also moved
horizontally for milling along the length of the workpiece.

to subsequently carry on with the milling. The layout of the preform glued on the
aluminium surface can be seen in the inset of Fig. 3.11. Each one of the two preforms
was milled-off separately 3.12 (c).

Fig. 3.13 depicts the 247mm and 300mm in length preforms respectively, after
their last milling pass. The deviation from the desired milling is +200xm in preform
resulting in a core position error of ~ 200nm and > 2um in fibre for the cores along
the short and long axis respectively.

The offset of the cores could be attributed to the inability of the head to be locked
in place. Because of that the bed had to be moved upwards which is less accurate
than the head moving down.

One more factor affecting the milling accuracy is the flexing of the preform. As
the surface of the glass is ground off, it bends away from the mill bit. This makes
the glass thicker at one end so it creates uncertainty in the amount of glass milled
off. To avoid this issue the entire preform had to be fixed in a metal plate so it
can not bend. It is noted that the milling uncertainty due to the flexing of the
preform affects only the short axis. The position error in the long axis is down to
deformation during drawing, owing to the minimisation of energy and would require

compensating for in the design stage by using feedback from a previous attempt.

3.4.4 Flat fibre draw

For coating standard circular fibres, circular coating is used. However, this coating
geometry is not ideal for rectangular fibres as a flat surface is simpler to lay onto
the structure under test. For the work described in this thesis, custom-made gravity

fed rectangular split-dies were used with their dimensions shown in Fig. 3.15.
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FIGURE 3.12: a) The sleeved 7CF preform clamped on the milling

bed. b) The first pass of the drill, 500um off. ¢) After having milled

both sides. Supports have been added to avoid fracture due to the
gradual thinning of the preform.

As was the case for the D-shaped fibre, it is also important to avoid any twist of
the flat fibre during the draw since this will cause a frozen-in twist within the fibre.
For the flat fibre draw, the furnace was operated at around 1830°, a temperature
lower than the common draw temperature ( 2000°) that is necessary to avoid the
circularisation of the fibre. The feed rate was 1.lmm/min, and the pulling speed
was 10.1m/min.

Right beneath the coating applicator the two parts of the die were assembled
together. In the case of flat fibre draw, a split die system a 500pum x 250um die
was used. This is for adding a 62.5um coating thickness in all sides of the fibre. As
the fibre passed through the die, the coating (DeSolite® 3471 — 3 — 14) was applied
and then the fibre went through the curing unit where the coating was solidified.

Two draws were performed with the first aiming to optimise the drawing temper-
ature. As previously mentioned this type of fibre needs to be pulled in a temperature
lower than the usual temperature the circular fibres are drawn for the geometry to
be preserved. As a starting point, the first pull was attempted at a temperature of
1910°. It is worth noting that in order for the preform to be clamped in the drawing
tower, a circular rod had to be attached to the rectangular preform. This is the
end that is drawn last and it is called End of the Pull (EOP). The attachment of a

circular rod to the rectangular preform leaves the edges of the preform unsupported
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FI1GURE 3.13: Preform dimensions before and after the last milling
pass for a 247mm and 300mm preform.

and as a result the edges are drawn first and so the fibre becomes more rounded
compared to the Beginning Of Pull (BOP) as depicted in Fig. 3.14 EOP-Draw 1.

At the second attempt of the first pull the temperature was reduced to 1810° to
stiffen up the neck down (from preform to fibre) to reduce the likelihood of twisting.
It is noted that the intercore distances are significantly smaller than 35um, Fig. 3.14
and so a second draw needs to be attempted. It is also stressed that due to the
nature of the first draw which was essentially a test draw, a lot of fibre was lost in
the optimisation process and the large difference between the BOP and EOP is due
to the fact that we effectively got only the very end of EOP side.

After optimising the temperature during the first draw a second one was per-
formed at a temperature of 1830°. The cross-sections of the BOP and EOP are
shown in Fig. 3.14. It is noted that there is a small difference in the dimensions
between the BOP and the EOP something that is expected. Also, the short axis
has a tendency to expand while the longer axis has a tendency to contract, as the
structure attempts to become more round due to the minimisation of energy.

There are some challenges in the fabrication of the flat fibre. The first one refers
to the preservation of the rectangular geometry during the draw that can be ad-
dressed by optimising the draw temperature, requiring trial and error. A second
problem area is the twist of the fibre as it is being pulled down. The twist has an
impact on the measurement of the diameter as the diameter gauge is set up for circu-

lar fibres whose diameters do not change as they are drawn. When the rectangular
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FIGURE 3.14: Pictures of the cross sections and their intercore mea-
surements of the fibre for both ends (Beginning Of Pull and End Of
Pull) for Draw 1 and Draw 2.

fibre twists, the shadow changes and the diameter reading will subsequently change
without necessarily reflecting a true change in the fibre diameter. A false reading of
the diameter will lead the user to a modification of the feed rate and draw speed,

and those changes may affect the geometry of the finished fibre.

3.5 Summary

In this chapter a detailed description of the process used for the fabrication of
the multi-core fibres used in this study is provided. The manufacturing stages of
stretching, sleeving and milling are described and the differences in the fibre draw
processes between the D-shaped and the flat fibre are mentioned. The standard 7CF,
the D-shaped 7CF and the flat 7CF have been fabricated in house by Dr. Laurence
Cooper for the purposes of this PhD project.

In the next chapter the shape sensing results using a D-shaped fibre, are pre-

sented.
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FIGURE 3.15: Schematic of the drawing tower configuration used for
the flat fabrication. Custom made rectangular split dies have been
used for this type of draw.
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Chapter 4

Curvature sensing based on a D-shaped fibre

4.1 Introduction

A common obstacle when attempting to do shape sensing using multi-core optical
fibres, is the random twist of the fibre that is introduced when the fibre is wrapped
around the structure of interest. This twist can distort the 3-axes coordinate system
needed for shape or curvature sensing which subsequently results in a large error
in the determination of the curvature. In the work by Zhao et al. [19], an optical
microscope was used to manually orient the fibre and maintain the relative position
of the cores with respect to the bending plane, as discussed in section 2.6.2. However,
this approach might be impractical as it is extremely time-consuming and cannot
be easily implemented in the field.

In this work, a multi-core fibre with a D-shape geometry is proposed as a way to
achieve preferential bending. A fibre with said geometry bends preferentially along a
certain direction due to its asymmetry, based on the fact that it is thinner along the
axis where the milled side is and the associated moment of inertia is maximum. As a
result, the energy required for compression and stretching of the fibre along the axis
that is parallel to the flat side is minimized, forcing the fibre to always bend along
a plane which is parallel to the flat side. Although BOTDA is a powerful technique
for long range sensing, it requires access to both ends of the fibre. In contrast to
BOTDA, the approach used in this work that is based on BOTDR, requires a simpler
interrogation setup and access to only one end of the sensing fibre.

The underlying principle of curvature sensing is detailed in section 4.2 followed
by a description of the experimental setup in section 4.3. It is noted that the
BOTDR setup was designed, assembled and tested for this project by the author.
The experimental procedure and the curvature results related to this new, D-shaped
multi-core fibre are presented in sections 4.4 and 4.3 respectively. Discussion and
analysis of the experimental results are presented in section 4.6 and the final section

highlights the outcome of the study.

4.2 Principle of Operation

The operation of the sensor is based on measuring the strain-induced Brillouin Fre-
quency Shift (BFS), that was discussed in section 2.4.4, in different cores of a MCF.
As the fibre bends, different cores of the MCF experience different strain levels. By
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Principle of Operation

measuring the BFS in different cores, the curvature can be calculated. In this sec-
tion, the impact of bending on the BFS of different cores of a 7-Core Fibre (7CF) is

analysed and the equation that determines the curvature of the fibre is derived [18].

a)

b)

Neutral
Axis

Neutral Surface

Axis of symmetry

Compression

Neutral Tension
Surface

<)

Orientation 1

Neutral axis

Bending axis

Orientation 2

FIGURE 4.1: (a) Deformation of a beam due to bending. One region
of the beam is under tension (positive strain) the other is under com-
pression (negative strain), depending on the direction of the bending
moment. There is a surface along the middle where the length re-
mains the same and so the strain is zero. This surface is called neutral
surface and the axis that lies along this surface and is normal to the
bending axis is called neutral axis (b) Coordinate system and cores’
arrangement relative to the neutral axis. (c¢) Preferential bending of
the D-shaped 7CF around the bobbin. The bending plane is parallel
to the flat side of the fibre.

Consider a uniform, homogeneous beam with a cross-sectional area that is sym-

metric around an axis subjected to bending and the bending moment is applied per-

pendicular to an axis of symmetry as shown in Fig. 4.1(a). In this case the bending

moment causes the material within the bottom portion of the bar to stretch and

the material within the top portion to compress. Consequently, between these two

regions there must be a surface, called the neutral surface, in which the material will

not undergo a change in length [100]. This axis, that lies along the neutral surface

is called the neutral axis. The above description applies to the case of an optical

fibre as well [18] and so by using the strain-curvature relationship [100] for the fibre

cross-section shown in Fig. 4.1(b) the radius of curvature can be written as,

R =

Y2 _ YT (4.1)

€24 €74
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R=22 -9 (4.2)

€24 €34
where R is the radius of curvature, ¥, ys,y7 are the distances of the cores 2,3,7
from the neutral axis, respectively and €24, €3 4, €74 are the difference in the strain
values between cores 2,3,7 and the central core (core 4), respectively. From Fig.

4.1 (a), it can be shown that:

2
Yo = T2 - sinfy = 7y - sin (97 + ;) (4.3)
. . 2m
y3 =13 -sinfz = r3 - sin (02 + 3) (4.4)
y7 =77 - sinfy, (4.5)

where ro = r3 = ry = 3bum is the 7TCF core pitch and 65, 03,607 are the angles
between cores 2, 3,7 and the neutral axis, respectively. By substituting Eqs. (4.3),
(4.4) and (4.5) into Eqgs. (4.1) and (4.2) and using some mathematical manipulation,

it can be shown that:
BA _ cos (2F
0y = cot™! (m(:)))) (4.6)

24 cos (2T
67 = cot™! <674(3)> : (4.7)

In these equations, the values of €3 4, €3 4, and €7 4 are determined by measuring the
BF'S using a BOTDR setup and the strain information is then used to determine the
values of #3 and 7. By replacing the value of #3 and 67 in Eq. (4.4) and (4.3) the
values of 73, r2 can be calculated. Finally, by substituting these values in Eq. (4.1)
and Eq. (4.2), the radius of curvature is determined. To simplify the mathematical
analysis, it is assumed that the opposite cores within the 7CF experience similar

strain levels with opposite signs.

4.3 Experimental Setup

Fig. 4.2 shows a schematic diagram of the experimental setup that can be divided
into three principal sections. The pulse generation, the sensing as well as the mi-
crowave detection section.

Light from a Tunable Laser Source (TLS) at 1533 nm is amplified by an Erbium-
Doped Amplifier (EDFA 1) and then split by a 70/30 coupler. Light from the
70% arm of the coupler is amplitude-modulated using an Electro-Optic Modulator
(EOM) to generate a train of 20 ns pulses with a repetition rate of 1 MHz.
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The light is further amplified by another amplifier (EDFA 2) before entering an
Acousto-Optic Modulator (AOM), which limits the Amplified Spontaneous Emission
(ASE). ASE is the process by which a 980nm photon, that is absorbed by the
valence electrons and subsequently excited to the conduction band, decays back to
the valence band by the emission of a photon. This decay happens after a certain

time that depends on the electron lifetime in that state.
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FIGURE 4.2: Experimental Setup. TLS, Tunable Laser Source;

AWG, Arbitrary Wave Function; EOM, Electro-Optic Modulator;

EDFA, Erbium-Doped Fibre Amplifier; AOM, Acousto-Optic Modu-

lator; BPF, Band Pass Filtre; YIG, Yttrium Iron Garnet synthesiser;
Freq Synt, Frequency Synthesiser.

The ASE lasts for the duration of the pumping and adds noise to the detector
since the pulse ”sits” on top of the ASE background which may saturate the detector.
To remove the ASE an AOM is required which is synchronised with the EOM, Fig.
4.3. The AOM operates by diffracting the light due to a periodic refractive index

variation in the crystal which is caused by a piezoelectric element.
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FIGURE 4.3: The Arbitrary Waveform Generator (AWG) output is

used as the EOM input. The AWG also triggers the pulse genera-

tor whose output is the input of the AOM. In this way the EOM is

synchronised with the AOM. The pulse generator triggers the two

oscilloscopes which serve for the pulse monitoring as well as for re-
ceiving the Brillouin OTDR signal.

When the two devices are synchronised light passes only for the duration of the
pulse. In this way only a part of the generated ASE (the part that has a duration
that coincides with the duration of the pulse) reaches the detector instead of the
whole amount that is generated throughout the whole time the pumping lasts. An
AOM is used, instead of an EOM, due to its higher extinction ratio (50dB to 55dB)
compared to (20dB) of the EOM.

After the pulse has been generated, it enters a polarisation scrambler. This is
crucial for the mixing afterwards. By scrambling the polarisation entering the fibre,
the polarization of the light that is backscattered is also scrambled. So when light
coming from the TLS is mixed with the backscattered light of random polarisation
coming from the sensing fibre, polarization fading is avoided. Polarisation fading
refers to fact that the Brillouin interaction between the backscattered light and the
light coming from the source depends on the degree of parallelism of the States
of Polarisation (SOPs) [69]. When the SOPs are mutually orthogonal they do not
interact. By scrambling the state of polarisation of the backscattered light and
averaging the sensor readings over multiple pulses, a sufficient SNR can be recorded.

The amplified probe pulse with a peak power of 1 W is then launched into the

sensing fibre via the first port of a circulator. The peak power is set in such a way
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FIGURE 4.4: The FBG is used to separate the Brillouin component
from the Rayleigh. The reflection spectrum was taken by [101] and
has been edited to serve as an example.

so as to avoid non linear Brillouin and Raman scattering effects, section 2.4.5. A
98/2 tap coupler is added after the second port of the circulator to allow to 2% of
the power to be used to monitor the probe pulse, while the remaining 98% of the
power is sent to the sensing fibre via a fanout demultiplexer. The fabrication process
of this fanout device is described in section 2.3.1. A 50m length of standard 7CF
is spliced to 22m of D-shaped 7CF. The backscattered light from the sensing fibre,
returns through the third port of the circulator to the setup and it is amplified by
a third optical amplifier (EDFA 3).

A narrow bandwidth FBG (Ag = 1533.35nm, BW = 3.5 GHz) is used to sepa-
rate the Brillouin anti-Stokes from the Rayleigh backscattering. The frequency of
the continuous wave is tuned in such a way so as for the backscattered Brillouin com-
ponent to be in the reflection spectrum of the FBG. This means that the Rayleigh
component of the backscattered light, which has the same frequency (wavelength)
as the source, \s will pass through, since it will be in the transmission window
of the FBG, while the Brillouin anti-Stokes backscattered component which is at
wavelength As — ABrinouin Will be reflected. Fig. 4.4 shows the way the frequency
of the source is tuned in order for the Brillouin component to be within the FBG’s
transmission window.

After isolating the Brillouin component, the Brillouin backscattered trace is
mixed with the seed laser source and the generated beat signal, corresponding to the
Brillouin frequency shift at around 11 GHz, is detected using a 15 GHz photodetec-
tor with a responsitivity I ~ 0.95A/W at 1550 nm. The optical mixing is necessary
since the Brillouin component has a frequency of fs 4+ fp which is at ~ 193 THz

and therefore cannot be detected by any commercial detector due to the limited
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bandwidth of the electronic components. In an optical heterodyne detection scheme

the current at the output of the square-law detector is given by [102],

Iphotodiode N’ Es + Eb ’2
= [|Es|ei(nr+wst) + |Eb|ei(nr+wbt):| [|Es|ei(nr+wst) + |Eb|ei(’“'+wbt) *
= |ES|2 + |Eb|2 + |ES||Eb|6i(ws—wb)t + |ES||Eb‘e—z‘(ws—wb)t N
Iphotodiode = ‘ES‘Q + |Eb’2 + 2‘ESHEb’ COS[(WS - Wb)t]

where the * denotes the complex conjugate and,

ES(I', t) _ ‘Es‘ez’(m‘+wst)
Eb (I‘, t) _ ‘Eb‘ei(nr-i-wbt)

correspond to the electric field of the source and backscatter light respectively.
The high frequency the terms cannot pass through the 15 GHz photodetector so it
is the Brillouin frequency shift term at around 11 GHz that passes through.

At the last section of the setup the electronic mixing takes place. To generate
the 3D BGS it is essential to scan all the frequencies around the Brillouin peak.
To do so, the frequencies have to be down-converted using a microwave detection
system. The down-conversion is necessary since a 5GSa/s (period 2-10's), 350MHz
bandwidth oscilloscope is used for the acquisition, while the signal to be detected

has a period of 1-10710

s. This means that there is only one data point within one
acquisition period and so according to the Nyquist theorem [103], the signal cannot
be reconstructed successfully.

To translate the signal in frequency a mixer has to be used. A mixer produces
an output signal that is the product of the two input signals. Passive mixers use one
or more diodes and rely on their non-linear relation between voltage and current
to provide the multiplying element [104]. For simplicity one ideal diode can be

considered, whose current is given by [105]:

eV,

[=I,(efr —1) (4.8)

where I, is the reverse bias saturation current, V is the voltage across the diode, k is
the Boltzmann constant, 7" is the absolute temperature of the p-n junction and e is
the magnitude of the charge of the electron. Using a Taylor expansion and keeping

only the first non-linear term, the current of the diode I can be written as,
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I= IsKiT (V - %%V2> (4.9)

In our case the 11 GHz Brillouin signal is mixed with frequencies at ~ 10 GHz
produced by an YIG synthesiser. As a result, the voltage reaching the mixer is the
sum of the voltage of the frequency synthesiser Viynthesiser and the voltage of the
Brillouin backscattered Virilouins V' = Vsynthesiser + VBrillouin-

If Viynthesiser = V0 SIN(27 foyntnt) and Vrillouin = V1 SIn(27 fBrillouint) then the quadratic
term of the Taylor expansion results in higher frequency terms and a term
cos [27( foynth — fBrillouin)t] - as described in Eq. (4.3) - which gives an Interme-
diate Frequency (IF) of ~ 1GHz.

After mixing, the signal is passed through a Band-Pass Filter (BPF) centred
at 1 GHz, with a bandwidth of 50 MHz. The higher frequency terms cannot pass
through the filter and so it is only the intermediate term that passes through.

Finally, the IF signal is amplified by three RF amplifiers with a gain of 30 dB
each at 1 GHz and then it is rectified using a microwave diode rectifier that generates
a signal proportional to the intensity of the Brillouin backscattering at the chosen
frequency. The signal is then sent to an oscilloscope that collects the trace for every

scanned frequency.

4.4 Experimental Procedure

Four spools of different diameter (59 mm, 114 mm, 150 mm, 227 mm) were used for
the curvature test. 22m of the D-shaped fibre were wrapped around each of the
spools using a rewinding machine and four different tests were carried out sepa-
rately. Typical attenuation values of a MCF are ~ 1dB/Km. It is noted that a
10m/min rewinding speed was used to ensure that the D-shaped fibre would keep
its orientation during the rewinding process. This speed is low compared to the
500m/min that is normally used when rewinding the standard fibres. The frequen-
cies of the YIG synthesiser were scanned through a 300 MHz frequency range at
5 MHz steps using an Arduino controller. The selected YIG frequency determined
the Brillouin beat frequency that was measured: i.e. the measured component of
the Brillouin spectrum was equal to the YIG frequency plus 1 GHz (the IF). The
signal was fed to a storage oscilloscope with a sampling rate of 5 GSa/s, which was
used to average 10,000 time-domain traces to improve the Signal to Noise Ratio
(SNR). The traces were then transferred to the PC and the Brillouin spectra were
built by collecting such traces over a range of frequencies determined by the YIG
synthesizer [106]. The processes of scanning the frequencies, capturing the data and
building the Brillouin gain spectra were automated using a Python script. The au-
tomation process, described in detail in Appendix A reduces the time needed for a
complete set of measurements and hence eliminates the introduction of errors due

to temperature variations or drift of the electronic equipment.
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4.5 Results

Fig. 4.5 shows the anti-Stokes Brillouin gain spectrum (BGS) of an outer core of
a standard 7CF from O0m to 60m spliced to 22m of D-shaped 7CF. As mentioned
earlier, the D-shaped fibre shows a preferential bending direction with its neutral
plane parallel to the flat side. This results in insignificant twist of the cores across
the length. This phenomenon can be clearly seen in Fig. 4.5 where the BGS corre-
sponding to the D-shaped fibre shows little deviation from its mean value compared
with the BGS of the standard 7CF which exhibits notable fluctuations. The hor-
izontal and vertical axes of this diagram represent the distance along the sensing
fibre and the BF'S, respectively.

10.4
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10.2
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10.15

0 10 20 30 40 50 60 70 80
Fibre length (m)

FIGURE 4.5: BGS of an outer core of a standard 7-core fibre (0m —
60m) and of a D-shaped 7-core fibre (60 m — 80 m).

4.6 Discussion

Fig. 4.6 shows the fitted curves for the anti-Stokes BGS as a function of the frequency
shift for six out of seven cores at the distance of 64.18 m of the D-shaped 7CF
wrapped on a 114 mm diameter bobbin. It should be noted that the core closest to
the milled side experiences high mode leakage losses and hence it is not taken into
consideration for the curvature calculations.

The strain levels corresponding to opposite cores were compensated so as to be
symmetrical around zero as shown in Fig. 4.7(a). More specifically, the pairs of cores
1& 7,2 & 6 and 3 & 5 are expected to experience values of strain equal in amplitude
but opposite in sign, since they are located in diametrically opposite sides within
the fibre cladding, as shown in Fig. 4.1(a). However, in practice, the strain values
of the opposite cores are not completely symmetric around zero due to the fact that
the position of the bending plane does not coincide with the position of the neutral
core that has been used as a reference. An additional source of error resides in the

different types of preforms used to produce the various cores, which might result in
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additional in-built stress. This is due to the fact that during the fabrication process
preforms with non identical refractive indices are usually used as the core material.
This happens due to size limitations, as a standard-sized preform will make a single
core fibre. For the fabrication of a 7CF, there is a requirement of 7 times the core
material to make the same length of fibre. Practically, this means that two to three
different preforms have to be used to make one multi-core fibre. Although this is
expected to create a small discrepancy in the strain coefficient of the cores [107], a
compensation process is applied to alleviate this issue. More specifically, the mean
strain value of a said core and the core opposite to it was subtracted from the strain

value of the said core at a specific position. For instance,
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FIGURE 4.6: BGS of a D-shaped fibre wrapped on a 114 mm spool
at 64.18 m. Cores 1, 3, and 6 are under compression relative to core
4 (central) while cores 2, and 7 are under tension.

6l(Xi)comp =€ (Xi) - 6mean(xi) (4'10)

(4.11)

2

) = [ ]

where €comp(Xi) represents the compensated strain of core 1 at position i. A similar
procedure was followed for the pair of cores 2 & 6. However the strain values of
core 3 were not compensated since the core positioned opposite to it, core 5, was
experiencing high mode leakage due to its proximity to the flat side of the D-shaped
fibre.

The bending radius at 64.18 m was calculated using three non-adjacent cores
and Eq. (4.1)-(4.7). The BFS for each core, calculated by Lorentzian fits, were
fi = 10.2661 GHz, fo = 10.2901 GHz, fs3 = 10.2518 GHz, fy = 10.2757 GHz,
fe = 10.2613 GHz, and f; = 10.2852 GHz. Using the strain coefficient value of
0.046 MHz/pe [108] for all cores and the strain compensation method described
above, the strain level of the cores were, e = —207.32 ue, eo = 312.49 ue, €3 =
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FIGURE 4.7: Strain distribution as a function of length. Core 5 is not
depicted due to the high mode leakage loss. (a) With compensation.
(b) Without compensation.

—518.82 e, €6 = —312.49 pe, and ey = —207.32 pe. The strain values were replaced
in Eq. (4.6) - (4.7) to determine #3 = —0.6412, and 07 = 0.4073. The values of
were substituted in Eq. (4.3) - (4.5) to obtain ro = 20.8987 um, r3 = 34.7583 um,
and r7 = 13.8649 um. The values of 79, r3, r7 and €3, €3, €7 were replaced to
Eq. (4.1), (4.2) to determine the radii of Ry = 6.6878 cm, Rz = —6.6995 cm, and
R7 = 6.6878 cm. The mean radius of the three cores was subsequently calculated to
determine the radius of the fibre at that point. This process was repeated for all the
points along the sensing fibre. Finally, the mean bending radius along the length of
the fibre as well as the standard deviation, were determined for that spool.

The experimental procedure as well as the analysis described in section 4.4, 4.6
were repeated for the three remaining spools resulting in three independent tests that
were carried out separately. Similar diagrams of normalised power as a function of
frequency shift were created for each core of the three remaining bobbins and the
BGS from non-adjacent cores were used to calculate the bending radius of each
bobbin.

Fig. 4.9 shows the mean bending radius along the length of 2.5 m as well as their
standard deviation for the four different spools used in this study, as a function
of the actual bending radii. The blue curve depicts the ideal relation between the
theoretical and the experimental values. The measurements match the expected
linear behaviour.

A possible source of error is the noise originated from various components of the
system such as the detector or the amplifiers. A drift in the laser intensity, as well as
the temperature variation during the scanning of the frequencies which takes around
7 minutes, could also affect the accuracy in the determination of the bending radius.

The D-shaped fibre greatly enhances the preferential bending compared to the
standard circular 7CF, as shown in the BGS of Fig. 4.5 where the twist of the
standard fibre is reflected to the fluctuations of the BGS. Despite this significant
improvement, the D-shaped fibre still experiences flips when it is wrapped around
the bobbin with either the flat side of the fibre being in the inner part of the bobbin
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FIGURE 4.8: Measured bending radius against the real bending ra-
dius.

or in the outer as shown in Fig. 4.1. These flips are reflected in the BGS as regions

of up-shift and down-shift around a central value.
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FIGURE 4.9: BGS of an outer core or the case of a D shaped fi-

bre wrapped around a bobbin. Two distinct regions of up-shift and

down-shift are clearly seen, corresponding to the flip of the D-shaped

fibre while it is being wrapped around the bobbin. The flip happens

between two possible configurations of the fibre in relation to the

bobbin. The flat side can reside either on the inner part of the spool
or on the outer.

Those flips although only distort the sign of the curvature (positive or negative)
render it challenging to accurately determine the bending radius when it comes to a
case of long range sensing. In the above picture there are flips happening throughout
the 50m long fibre.

In the next chapter, a MC fibre with both sides flat will be investigated for cur-
vature sensing purposes. This fibre offers the advantage of an enhanced preferential

bending owing to the two flat sides that aim to the elimination of the fibre twist.
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This unique fibre offers an easier application on the structure of interest owing to

the easier identification of the flat sides.

4.7 Summary

A fully distributed optical fibre bend sensor based on a multi-core D-shaped fibre
was demonstrated. BOTDR setup was used to measure diameters ranging from
59 mm to 227 mm with deviations between 9% and 15% depending on the diameter
of the spool. The D-shaped geometry allows for the preferential bending of the fibre
with the flat side either on the inner or on the outer side of the bend, offering a
solution to the fibre twist issue that is a common issue when trying to do shape
sensing. In this way, the need to manually inspect the orientation of the cores is
eliminated rendering the use of this fibre in the field practical. In the next chapter, a
MC fibre with both sides will be presented. This fibre offers an enhanced preference
in bending owing to the two flat sides as well as an easier application to the structure

of interest, thanks to the easier identification of the flat side.
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Chapter 5

Curvature sensing based on a flat fibre

5.1 Introduction

A major advantage of the flat fibre is the stronger preferential bending compared to
the D-shaped fibre, owing to the two flat sides. This renders it a better candidate
for use in the field since it is easier to place it onto the structure under test, given
that the flat side can be easily identified.

Although better suited for bending, a flat fibre presents significant practical
challenges when it comes to its handling owing to its non-circular geometry that
cannot be accommodated in a self-apparent way by the currently existing devices.
In this work, various striping, cleaving and splicing techniques have been explored,
based on widely available equipment. With this in mind, cleaving and splicing recipes
were developed and optimised using commercially available and portable splicer and
cleaver units, rendering the handling of this fibre feasible even in the field.

In section 5.2, the various ways for cleaving the flat fibre are analytically de-
scribed. The technique for performing splices between a flat and a circular fibre as
well as between two flat fibres, are presented in sections 5.3 and 5.4 respectively.
In section 5.5 results from a three-point beam test are presented and in the final

section the conclusions are summarised.

5.2 Fibre preparation

A fibre with a rectangular cladding presents an extra difficulty with its handling,
since all the fibre tools, and devices are optimised for circular symmetric fibres. Many
different techniques had to be developed in order to achieve an adequate cleave and
connection of this fibre to circular fibres. This section will give an overview of the
methods used and the results achieved.

The common mechanical stripping tools cannot be used for fibres with a cladding
diameter larger than 250um fibre. Some ways of stripping these type of fibres include
the use of a razor blade, or a variant of chemical cleaving. In this last technique,
the fibre coating can be briefly soaked in a solvent like acetone until it softens and
swells, thus facilitating the peeling off of the coating [109].

The simplest and most straightforward way to experiment with cleaving the flat
fibre was by using a ceramic cleaver. In this technique the fibre is first scored and

then gentle pressure is applied with a finger for the glass to break in a smooth
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Description of the 100P+ splicer’s camera system

FIGURE 5.1: Left: View of the rectangular fibre (left side of the

image) through the splicer’s imaging system. The cleave was done

using the ceramic cleaver shown in the inset. The estimation of the

cleave angle, 6.6°, is based on an algorithm using images from both
cameras (Picture on the right).

manner along the stress lines created by the scratch. To inspect the quality and
the angle of the cleave, a 100P+ Fujikura fusion splicer was used, that implements
its own algorithm in conjunction with its camera imaging system to analyse the
cleave angle. Fig. 5.1 shows the splicer’s camera images of the flat fibre as well as
an estimation of the cleave angle. One disadvantage of performing a manual cleave
is the difficulty in achieving repeatable results.

To improve the cleave, manual polishing of the fibre was attempted. This process
involves rubbing the fibre against diamond films with different grit sizes in order to
get rid of any protruding fibre as well as to smooth the surface of the fibre. To
secure the fibre inside the FC/APC connector, and to ensure that the bond would
be temporary, high temperature quartz wax was used. The wax application was
achieved by heating the wax using a hot plate. After the polishing was complete,

the heating process was repeated in order to remove the wax from the connector.

1. Final Polish
2.1 um film
3.3 um film
4.6 pm film
EC/PC 5. 30pm film
Polishing Disc 6. Rubber Pad

Glass
polishing plate

FIGURE 5.2: Manual optical fibre polishing equipment
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Fig. 5.2 shows the equipment used for performing the manual polishing of the
fibre. Fig.(a), (b) show that the polishing angle can be reduced by 0.9° in the case of
a successful polish, however the result may worsen after the polish, as shown in Fig.
5.3(c), (d) if excess force is applied. Overall the polishing process is time-consuming
and not only it needs a lot of practice to master, but also requires an adequate cleave
as a starting point. This can be proven to be quite challenging in the case of a fibre

diameter that is significantly larger than the standard one.

a)

FIGURE 5.3: Cleave angle a) before polishing, 1.8°, b) after polishing,
0.9°, ¢) before polishing, 1.7° d) after polishing, 8.6°.

In order to overcome the inconsistency issues associated with the manual cleav-
ing, the option of using a Fujikura CT-106 cleaver for large diameter fibres was
explored. This type of cleaver uses a pulsation method for the blade to gently score
the fibre and apply tension simultaneously. It also offers the choice to control the
cleaving parameters, such as the blade speed, the clamping force or the cleave ten-
sion in order to achieve the ideal cleave. A lot of trials were performed in order to
come down to a cleaving recipe for the large diameter flat fibre with the focus being
mainly on the optimisation of the cleaving tension and clamping force. It is noted
that this machine is not designed to be used for non-circular fibres so there was no
guarantee that an adequate cleave could be achieved. However, after optimising the
cleaving parameters, consistent and repeatable results were reached. The parame-

ters used for achieving a cleaving angle of 0.1°, Fig. 5.5 (a) with a CT-106 cleaver
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were: clamping force: 2050 gf for both right and left clamps, cleave tension: 575
gf, blade speed: 2800 p/s. It is worth mentioning that Fujikura CT-106 cleaver is

designed for > 1° cleaving angles.

5.3 Flat fibre to circular fibre splice

After optimising the recipe for the flat-fibre cleave, butt-coupling the fibre using
the high precision stages of the 100P* fusion splicer was attempted. However even
the smallest vibrations can affect the strength of the Brillouin signal rendering the
method inadequate for performing the shape sensing test. So the option of splice
was the only way forward.

A 100P ™ Fujikura splicer is a highly specialised piece of equipment that is loaded
with various recipes for splicing the common type of fibres. It also offers the user
the choice to manually control the alignment of the fibre with respect to the rotation
angle theta as well as with respect to the X and Y-axis. Given that the attempted

splice had never been explored before, a fully manual control of the process was

chosen.
—
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FIGURE 5.4: Setup for the active flat-to-circular fibre splice.

A first alignment with respect to the 6 angle was performed using the grid lines of
the splicer’s imaging system as a guide. After that, and in order to achieve a precise
alignment in the X and Y direction, an active alignment was performed using a setup
that is shown in Fig. 5.4. Light from a 1550 nm laser source was injected into the
fibre to be spliced and the output was sent via a 1 x 8 splitter into the standard 7CF
fanout. Movement of the fibres in the X and Y plane was performed to maximise
the power measured in the power meter connected to the flat fibre end. Fig. 5.5 (b)
shows an image of the interface between the two fused fibres. The estimated loss
was 0.17dB.

However it turned out that due to the 0.5 — 1pm mismatch between the standard
7CF and the rectangular fibre, the route of splice had to be abandoned and a custom-

made rectangular fibre fanout was ordered from Chiral Photonics. The fabrication
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FIGURE 5.5: a) Cleave angle of the flat fibre 0.1° achieved by a CT-
106 cleaver b) Splice loss of 0.17dB achieved by using a 100P+ fusion
splicer.

process of this type of fanout is described in Section 2.3.2. The average insertion

losses of the flat fibre fanout were 4dB prior to connectorisation.

5.4 Flat fibre to flat fibre splice

An 100P+ splicer was also used for this type of splice. For placing the fibre inside
the splicer, the standard V-groove 400pm Fujikura holders were used and the fibre
was positioned with the configuration seen in Fig. 5.6 (a) so as for uniform heating
to be achieved. It is noted that it is very tricky to force the fibre to rest in the
V-groove holder with a certain configuration, since its unique geometry creates a
natural tendency for the fibre to rest with the flat side parallel to the surface of
interest. Despite overcoming the challenge of placing the fibre into the splicer with
any one of the two orientations shown in Fig. 5.6 (a), the splicer was prompting
various error messages due to the inability of its motorised imaging system to focus
properly on the fibre. As with most splicers and cleavers, this machine is optimised
for circular symmetric fibres so any deviation from this geometry requires a lot
of trial and error and a compromise for the final result that can pragmatically be
achieved.

As a workaround, the fibre was placed with its flat side laying on the one side
of the V-groove, as seen in Fig. 5.6 (b). The disadvantage of this configuration is
the non uniform heating of the fibre due to the fact that one side is always closer
to the electrodes compared to the other, as it can be seen in Fig. 5.6 (c¢). However,
given the limitations in the degrees of freedom of movement of the electrodes and
the fibre holders, the splicing process was optimised in view of these restrictions.

A fully manual, active splicing was performed and the two fibres were first aligned

with respect to the 6 angle, using the grid lines of the splicer’s imaging system as
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FIGURE 5.6: a) Possible resting position for the uniform heating of

the flat fibre. b) Placement of the flat fibre in the splicer’s holders

to perform the splice c) Resting position of the fibre relative to the

electrodes. The right side of the fibre is being heated more compared
to the right due to its closeness to the electrode.

a guide. After that, and in order to achieve a precise alignment in the X and Y
direction, an active alignment was performed using a setup that is shown in Fig. 5.7.
Light was injected by a 1550nm laser source and it was sent via a 1 x 8 splitter into
the standard 7CF fanout. Precise alignment of the fibres in the X and Y plane was
performed to maximise the power measured in the power meter connected to the
flat fibre end.

The splice achieved is shown in Fig. 5.7. Due to the non-uniform heating owing
to the non-symmetrical way the fibre sits on the holders relative to the electrodes,
an inadequate joint is formed in the upper part of the cladding area. However since
this is far from the core region, where the splice looks visually better, it should not

affect the overall quality and splice performance.

5.5 Three-point bending test

A major advantage of the flat fibre is the stronger preferential bending compared to
the D-shaped fibre, owing to the two flat sides. Also it is easier to deploy it onto the
structure under test since the flat side can be easily identified. Measuring bending
radii in the range of 1m in the lab is desirable before deploying the fibre into the

field. To simulate such big bends a simple setup emulating a three point bending
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FIGURE 5.7: Setup for the active flat-to-flat fibre splice. Image of
the spliced interface between the two flat fibres.

test was created in the lab. The three point bending test is a classical experiment
in mechanics. It represents a beam resting on two roller supports that is subjected
to a concentrated load applied in the middle of the beam.

In this section a first attempt to perform curvature sensing deploying the flat
multi-core fibre on an aluminium flat surface is presented. A mock-up of a three-
point bending system is used as the experimental setup in the lab. One alternative
way of performing this measurement could be with the use of two single core fibres,
one on top and the other on the bottom of the aluminium beam. However, in this
case the issue of correlating one single location within the two fibres arises, due to the
fact that the two fibres will not present the same length due to bending. This effect
is diminished with the use of a MCF where similar strain, temperature and length
conditions are secured owing to the position of the cores into the same cladding.

The lab-based setup, consisting of an aluminium flat beam and three stands used
as the three point fixtures, is shown in Fig. 5.8 (a). The two fixtures that support
the beam allow it to roll while bending and the central one is used for applying the
load.

As a first approximation for the calculation of the bending radius for the points
along the beam the deflection curve is considered as an arc of a circle. Fig. 5.8 (b)
shows a simplified schematic for the calculation of the bending radius of the beam.
The displacement of the beam by distance w is equivalent to a bending radius R. It

is easily shown that for an angle 6,
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FIGURE 5.8: (a) Schematic of the three-point beam test, and image

of the experimental setup in the lab. Dimensions of the beam’s cross

section. (b) Simplified schematic for the calculation of the bending

radius of the beam represented as an arc length. (¢) Schematic of the

flat fibre and the coordinate system used for the curvature measure-

ment. The cores’ layout has been rotated by an arbitrary angle for
illustrative purposes.
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where L is the length of the beam. By using the trigonometric identity cos? 6 +
sin? @ = 1 and solving with respect to R the formula that gives the bending radius

of the beam can be expressed as,

14w (m)

2
R (m) == oo (5.3)

where R is the bending radius of the beam and w is the vertical displacement of the
beam from its straight position.

The geometric model is a good approximation for the central point of the beam
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and for small deflections since it assumes that all the points along the beam expe-
rience the same bending radius. However in reality, the intermediate point of the
beam is under larger deflection compared to the points at the edge of the beam and
so a smaller bending radius is expected for the central point compared to the points
at the edge of the beam. To accurately predict the bending radius along the whole
length of the structure, beam theory equations for calculating the bending radius as
a function of the distance from the mid-point have to be used.

The equation that gives the bending radius R as a function of the bending
moment M along the points of the beam, is originated by engineers beam theory
[110]:

(5.4)

The three-beam test is equivalent to a simple supported beam with a central load.
For this case, the bending moment M is given as a function of the distance along
the length of the beam by the formula M = Fx/2. As a result Eq. (5.4) becomes
[111],

R =221 (5.5)

where F is aluminium’s elastic Young modulus equal to 70GPa, I is the area moment
of inertia that is calculated for the axis that is perpendicular to the applied loading,
and F' is the load that is applied to the beam. The elastic Young modulus is a
measure of the resistance of a material to elastic deformation under load. The
larger the Young modulus, the stiffer a material is.

The area moment of inertia is a geometrical property of an area which reflects
how its points are distributed with regard to an arbitrary axis. The area moment
of inertia along the B-axis for the rectangular cross section with dimensions shown

in Fig. 5.8 is given by,

_ b2

I="5. (5.6)

The load F' can be computed by the equation giving the displacement at the middle
point of a simply supported beam with a concentrated load in the middle [111],

wr 948 T
o WL

= (5.7)

where wy, /5 is the displacement at the middle point of the beam, and L = 1.9m is
the total length of the beam.
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The dependence of bending radius on the position along the length of the beam
is shown in Fig. 5.9 for the case of the aluminium beam with a cross section a3 used
for this test. The z-axis represents the distance from one support fixture until the
mid-point of the beam. The figure shows that the bending radius tends to infinity
for z = 0 as is predicted by Eq. (5.5). This is expected, since the beam is free to
roll on the support and therefore this point experiences almost no bend (bending
radius tends to infinity). Eq. (5.5) gives a bending radius of 1m for the mid-point
of the beam. The geometric calculation gives 1.8m because as explained above it

considers a uniform bending radius along the whole length of the beam.
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FIGURE 5.9: Plot of the theoretical relationship between bending

radius and distance along the beam, Eq. (5.4). The bending radius

varies as a function of the distance of the centre, increasing for the

points closer to the edge of the beam. At the intermediate point of

the beam (0.9m), where a load corresponding to a 30cm displacement
has been applied, the bending radius is slightly above 1m.

To perform curvature sensing, two cores provide sufficient information and so
the central and an outer one can be used. Below, the process for calculating the
bending radius from the frequency shift data of two cores, is presented.

The Brillouin frequency shift has a linear dependence on strain and temperature

according to the relationship,

d
B _ ¢, gey Cpar (5.8)

fB
where C is the strain coefficient of the normalised Brillouin frequency shift and Cp
is the temperature coefficient. The differentials df, de and dT are of the frequency,
strain and temperature respectively.
By integrating Eq. (5.8) [112]:



Chapter 5: Curvature sensing based on a flat fibre. 75
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where fp., .6 and T; are the frequency shift, strain and temperature respectively
of the i-core and fp,, €, T are the frequency shift, strain and temperature at
the reference core. If the central core is used as reference, then ¢y = 0 because the
central core is located at the neutral axis along which the strain is zero and all the
cores have the same temperature as the central given that they are all located at

the same cladding, T; = Tp.
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FIGURE 5.10: The relation between the frequency shift and bending
radius for Cs = 4.6 and feentrar = 10.3248GHz. Zoom-in for the
region Af < 5MHZ.

The distance of the i-core from the neutral axis y;, can now be expressed as a

function of the angle between the bending axis and the i-core Fig. 5.8 (c¢) as follows:

€i(s) = —k(s) yi(s) = —k(s) r; cosb;(s) (5.12)

where r; is the radial distance from the centre of the fibre cross section to the
location of the i-core. More specifically the relations for the strain e; and e7 of the

diametrically opposed cores 2 and 7 can be written,
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€2(s) = —k(s) ry cosba(s) (5.13)
e7(s) = —k(s) r7 cos[Ba(s) + O27(s)] (5.14)

Assuming that f; = 0 and 027 = 02 + 7 and ro = r3 = r; = r = 35 um and by
combining Eq. (5.11) with Egs. (5.13)-(5.16) the measured strain can be written as,

egleaS(S) —In |:§§762:| _ —H(S) r Cy (515)
;€0
61711%3(8) —In |::;§767:| _ H(S) r C (5.16)
;€0
Ry— | —Cr (5.17)
In (]0372)
fB,Central
Ry— | G (5.18)
In ( IB,7 )
fB,central

where Af = fouter — feentral 18 the difference in the frequency shifts between the
central and one outer core.
A general expression for the bending radius as a function of the frequency shift

difference can be given by,

—Csr
ln (Af+fB,Central )

fB,central

R:

(5.19)

The plot relating the frequency shift difference Af to the bending radius shows
that this curve is almost linear for frequency shifts Af > 10MHz, while it decays
exponentially for Af < 5 MHZ, as shown in Fig. 5.10.

For the three-beam test performed, ~ 1.8m length of the flat MCF was glued at
the bottom of the aluminium beam and the central point of the beam was displaced
by 30cm. The total length of the sensing fibre is 94m. A short length of the sensing
fibre ~ 3m was left free at the end beam for the points of interest to be away from
any reflection points at the end of the fibre that could distort the measurements.
The other end of the fibre is wrapped around a bobbin. The beam was displaced
by 30cm to allow a bending radius in the order of 1m to be studied. This deflection
apart from causing a bending radius in the desired step of interest for applications
such as sub-sea cables, is also in the safe side in regards to causing any breakage in
the fibre.
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FIGURE 5.11: a) Bending radius as a function of distance for the
last 10m of the sensing fibre. b) Lorentzian fits for the central and
the outer core for a location corresponding to 4.59m.
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FIGURE 5.12: BGS of an outer core for the case of a standard, D-
shaped and flat fibre.

In a first approximation it is assumed that the strain is not transferred through
the glue, from the beam to the fibre and the fibre simply touches the beam following
its curvature. In this case the assumption that the central core lies on the neutral
axis is valid and Eq. (5.19) can be used for the bending radius calculation.

Figure 5.11 a), b) show the bending radius for the last 10m of the sensing system
and the fitted Lorentzians for the location corresponding to 4.6m for the central
and an outer core respectively. Brillouin OTDR spectra were acquired with 10, 000
averages and a scanning step of SMHz.

From Eq. (5.19) it is shown that the frequency shifts expected for a bending
radius of ~ 1m is in the order of 2MHz. The experimental results show that the
computed frequency shifts for the last 10m of the sensing fibre are between 5MHz
and 8MHz corresponding to a maximum bending radius of ~ 0.28m.

The method used to calculate the bending radius described in this section as-
sumes that all the points along the length of the beam experience the same bending
radius. In reality, the points closer to the edge of the beam will experience higher

bending radius compared to the mid point, since the beam is more flat towards its
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edges. Further tests will follow to improve the measured curvatures: An acquisition
with larger number of averages will contribute to the reduction of the noise seen in
the Lorentzian fits. Decreasing the scanning range from 3MHz to ~ 1MHz will also
provide spectra with higher resolution leading to a more accurate determination of
the peak. The use of a narrower bandwidth band pass filter (less than 50MHz that
was currently used) could contribute to a narrower detected BGS linewidth rendering
the determination of frequency shifts in the range of ~ 1MHz less ambiguous.
Although further tests need to be performed aiming to the improvement in the
determination of the bending radius, the flat multi-core fibre is proven a very promis-
ing candidate for use in shape sensing applications. Its unique geometry that greatly
enhances the preferential bending eliminates the issue of twist, which is a common
problem that comes with the multi-core fibres when used for shape sensing applica-
tions. The elimination of twist is depicted in the BGS of this unique fibre. Fig. 5.12
shows the BGS for an outer core for the case of a standard 7CF, the D-shaped 7CF
and a flat 7TCF wrapped around a spool. It is noted that the BGS of a standard
7CF presents notable fluctuations that reflect the random flips of the fibre as it is
wrapped around the bobbin. In the case of the D-shaped 7CF there are fewer fluc-
tuations within a 50m length and it can be clearly seen that the D -shaped fibre flips
between two states (either the flat side sits on the inner side of the spool or on the
outside). Finally, the flat 7CF shows no visible fluctuations proving that its asym-
metric design enhances the preferential bending, rendering a promising candidate

for long range curvature sensing.

5.6 Summary

In this chapter various methods for handling the flat fibre were described. A flat to
circular as well as a flat to flat fibre splice were achieved with the use of commercial
equipment designed for circular fibres. In the last part, curvature results of a three-
point beam test were presented as a first attempt towards the real-field application
of the fibre. BGS of the flat fibre showed noticeable uniformity confirming the

elimination of twist, as predicted.
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Chapter 6

Conclusion and Future Work

6.1 Summary

Optical fibre sensors offer many advantages in comparison to their conventional
counterparts, such as immunity to external electro-magnetic fields and small dimen-
sions. The multi-core fibres in particular are ideal candidates for shape sensing due
to the intrinsic 3D coordinate system they offer. However the twist of the multi-core
fibre associated to its wrapping around the structure of interest, results in a twist
of the cores, which in turns distorts the 3D coordinate system based on their fixed
position. This dissertation demonstrated ways to overcome this issue by designing
and fabricating two multi-core fibres presenting enhanced bending preference.

As outlined in Chapter 4, a D-shaped fibre was designed and fabricated to address
the issue of the fibre twist that was observed in the standard circular 7CF. Using
Brillouin Optical Time-Domain Reflectometry which offers the advantage of large
sensing range and measurement of absolute strains/temperatures, curvature tests on
spools of different diameter were performed. The curvature measurements showed
a good match with the theory. Although the Brillouin gain spectra associated with
this fibre showed significant improvement of the twist issue compared to the standard
7CF, the flip of the fibre between two different states showed that this issue remains.

To completely address this, a new multi-core fibre with two flat sides was de-
signed, to further enhance the fibre’s bending direction. Brillouin gain spectra as-
sociated to this fibre showed no noticeable fluctuations for the whole length of the
sensing fibre confirming the elimination of the fibre twist. To simulate the use of
the fibre in a real field application, a three-beam setup was built in the lab. Tests
for further improvement of the curvature measurements acquired using this setup
are planned as a future work. Apart from resolving the twist issue, a flat multi-core
fibre offers the advantage of an easy attachment to the structure of interest owing
to the easy identification of the flat side.

Due to its unique geometry, cleaving and splicing of this fibre was not feasible
using the conventional techniques and equipment. Hence, an extensive study of
various methods for its handling was conducted and the developed techniques were
presented in Chapter 5. Commercial cleaving and splicing equipment was used
for the handling of the flat fibre such as a large diameter Fujikura CT — 106 and

a 100P™ splicer. Tolerable splices and cleaves were achieved to accommodate for
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the needs of the flat multi-core fibre, within the restrictions accompanying devices
that are designed and optimised for circular fibre. More specifically, the V-groove
fibre holders although ideal for circularly symmetric fibres, didn’t allow to the flat
fibre to be placed in a symmetric way with respect to the electrodes to achieve
uniform heating hence compromising the quality of the splice. One additional factor
increasing the complexity of the task was the limited degree of freedom of motion
of the electrodes and the holders as well as the inability of the motorised imaging
system to focus properly on the fibre due to its geometry and size. Alternative ways
for achieving splices and cleaves could be tested using a laser COs cleaver and a
Vytran splicer allowing a more customised way of handling the fibre.

An alternative method to fusion splicing for creating an interconnection between
the flat fibre and another fibre could be achieved by applying a glue-based fibre-array
technology currently used for creating interconnection between hollow core fibres
and standard fibres [113]. This technique relies on gluing the fibres on an optical
fibre array and then precisely aligning its end faces with the use of micropositioning
stages. By applying a non-thermal technique, the risk of the deformation of the
end face of the flat fibre due to heat is avoided during the gluing that involves far
lower temperatures compared to the temperatures encountered in the fusion splicing
techniques.

Future work also includes the optimisation of certain fabrication stages of the
flat fibre such as polishing after grinding that could improve the strength of the
fibre, minimising fractures. Also, the use of bespoke mounts would contribute to
better grinding accuracy, improving the core positioning. The coating of this fibre
requires the use of dies with a rectangular geometry. However due to challenges in
the micromilling technology pertaining to the accuracy of machining of the corners,
the edges of the coated fibre remain disproportionally coated compared to the rest
of the fibre leading to increased fibre weakness. An alternative way of applying the
coating would be via ultrasonic spraying techniques in order to ensure uniformity
and avoid the need of custom made rectangular dies that come with the challenges
in the corner shaping.

Another change to improve the sensitivity of the fibre as a curvature sensor
could be achieved by increasing the core spacing. The bending-induced strain in an
optical fibre is a continuous function that becomes zero for a core that lies on the
neutral plane while it is linearly increasing with increasing distance from the neutral
plane. Since there is a linear relationship between strain and distance from the
neutral plane for a given bending radius, the sensitivity of the sensor increases when
increasing the intercore distance. However, the right balance should be achieved
between increasing the clad to core ratio to avoid mode leakage, sacrificing the
strength of the fibre as well as its compatibility with regards to conventional splicing
and cleaving equipment.

Although the rectangular fibre offers the advantage of an easy identification of

the flat side, however its handling is more challenging compared to that of a circular
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symmetric fibre. To get a similar preferred bending effect without losing the circular
geometry, alternative designs could be investigated, where stress members could be
added or empty holes could be created, to change the distribution of the mass in
the fibre and hence controlling the amount of its bending. In this way the bending
preference can be enhanced while a circular geometry is maintained.

To get the full potential of this promising technology the curvature sensing the-
ory developed in this thesis could be extended to its fully 3D implementation, by
developing and testing a shape reconstruction algorithm that could describe the
shape of a multi-core fibre or a bundle of fibres in the 3D space. The algorithm is
based on the Frenet Serret formulas that are a system of equations that express the
kinematic properties of a particle moving along a continuous, differentiable, curve in
the three-dimensional space. More specifically, they relate the tangent, normal and
binormal unit vectors called T (unit vector tangent to the curve), N (unit vector
normal to the curve), B (the cross product of T and N) respectively, to the curvature
x and torsion 7 of a curve in 3D space. Assuming that the initial conditions of the
vectors T'(0), IN(0), B(0), r(0) -r is the position vector- are known at the starting
point, and based on an iterative process, the algorithm allows the extraction of the
shape of the fibre in the 3D space.

In the framework of this PhD thesis, an automatic data acquisition script was
developed in Python for the averaging of thousands of data points and the post
processing creation of the Brillouin Gain Spectra. A future update of the system
could involve the use of an optical switch to allow the cores to be scanned one after
the other automatically eliminating the need for manual selection of the cores in a
sequential mode, resulting in a full automation of the system. Also, low level machine
code could be used for faster communication with the digitizer or alternatively a
PClI-e with streaming capabilities could be used to directly access the data on the
PC without any delay.

Lastly, in order for any fibre to be deployed in the field where harsher conditions
prevail, a use of a protective cable as an outer coating has to be considered. This
coating needs to offer the possibility of strain transfer between the structure and the
fibre. A study of different cables and their response to strain as well as to bending
could be investigated, in order to render feasible the use of this fibre under harsher

conditions, such as in radioactive or in underground excavated environments.
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Appendix A

Data Acquisition Automation

The need for automating the data acquisition part of the research that is conducted
in a lab, becomes more and more prominent, as the degree of complexity of an
experiment increases. The use of software for controlling scientific instruments for
data acquisition increases productivity and elevates experimental data quality since
it improves the accuracy of the data collection. In this way reproducibility is secured.
Also, the data processing time is reduced enabling experimentation that otherwise
would be impossible.

The experiments conducted in the framework of this PhD project, involved the
processing of thousands of data points averaged for thousands of times, a procedure
that would be otherwise impossible without the development of an algorithm au-
tomating the data acquisition process. MATLAB, LabVIEW and Python are some
of the popular choices for programming languages used in lab automation. Among
those, Python was chosen because it has a large community of users, it is free, open,
and hence transferable.

A flow-chart of the data acquisition algorithm used for capturing and processing
the data, is shown in Fig. A.l. The computer controls the data acquisition via a
Python [114] script.

To gain the strain information from every point along the sensing fibre a large
number of averages need to be acquired in a wide range of frequencies. A frequency
synthesiser is an electronic component used to generate a set of discrete frequencies
and whose frequency stability is derived from either a built-in or an external crystal
oscillator [104]. The MLSL-0911 Micro Lambda model used in this work, operates
with a three-wire communication protocol. Since the PCs do not support such out-
put ports, a micro-controller has to be mediated between the PC and the frequency
synthesiser in order to transfer the data from the PC to the frequency synthesiser’s
input pins. An Arduino board was chosen as the micro-controller since the frequency
synthesiser’s manufacturer provided support for it. The section of the Python script
referring to Arduino, sends the frequency to Arduino in ASCII format.

Arduino then sends the said frequency to the synthesiser and for this specific
frequency the oscilloscope captures the data and transfers them to the PC. After
the data of voltage, time and frequency are transferred to the PC, post processing
begins. More specifically, Lorentzian curves are fitted into the voltage as a function

of frequency data in order to accurately determine the frequency shift corresponding
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FIGURE A.1: The computer controls all the processes via a Python
script. The desired frequencies are sent to the micro-controller (Ar-
duino board) via a USB protocol and then the microcontroller sends
those frequencies serially to the YIG synthesiser. The computer sends
the necessary commands to the oscilloscope for it to capture the data
and the waveforms are subsequently transferred to the PC. After
post-processing, the 3D Brillouin spectrum as well as Lorentzian fits
are produced.

to the peak of the Lorentzian needed to infer the strain and curvature at the specific
position of the fibre.

A pseudo code for the the acquisition of the backscattered signal from every
point along the fibre is described below: First, the communication between the PC
and the programmable devices (Arduino and Oscilloscope) is initialised.

The acquisition and data transfer details for the acquisition of data from the
oscilloscope are then set. Parameters like the number of averages, the number
of points transferred, the period of the signal, or the channel of the scope from
which the transfer of data occurs, are denoted in an initial section of the code. A
Keysight, 5GSa/s, 350MHz bandwidth oscilloscope is used for the data acquisition.
The communication between the PC and the oscilloscope is achieved with the use
of SCPI (Standard Commands for Programmable Instruments)[115] which is a set
of standard syntax that controls measurement devices such as oscilloscopes, signal

generators, Optical Spectrum Analysers etc.
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After the oscilloscope parameters have been set, the data capture loop begins.
The frequency of the synthesiser is set and then the capture of waveforms and their
transfer to the PC happens. The time and voltage data are saved into arrays.

In the post processing stage, 3D and 2D plots of the data are produced. Lorentzian
fits are plotted for a specific location along the length of the fibre, to extract the
frequency shifts corresponding to the peak of the Lorentzian. Those values are then
used to calculate the strain and the curvature of to this particular position along
the fibre.

Data Acquisition Pseudocode:

Initialise communication: Arduino, Oscilloscope
Set up oscilloscope parameters (SCPI commands)
Time (i.e signal period)
Capture channel (i.e range, impedance)
Trigger channel (i.e level)
Acquisition(i.e mode, no of averages, no of points)
Data Transfer (i.e data format)
Data capture loop
set synthesiser’s frequency
capture waveform from the oscilloscope
transfer waveform to the PC
save time, voltage data into arrays
Post Processing
3D Plot (BGS): Voltage = f (time, frequency)
Lorentzian fit: Voltage = f (frequency)
Extract frequency shifts (peak of the BGS)
Translate frequency shifts to strain e = f (frequency shift)

Calculate bending radius from strain R = f (strain)

A future upgrade of the entire system could include the addition of an optical
switch just before the fanout. In this way all the cores can be scanned one after the
other without the need to do this change manually. This improvement could result

in the system’s fully automation.
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