Faculty of Engineering

— Cyprus
and Technology

] [ University of
Technology

Doctoral Dissertation

ADVANCED FIBRE OPTIC SENSORS DEVELOPED
USING FEMTOSECOND LASER INSCRIPTION

Antreas Theodosiou

Limassol, September 2018






CYPRUS UNIVERSITY OF TECHNOLOGY
FACULTY OF ENGINEERING AND TECHNOLOGY

DEPARTMENT ELECTRICAL ENGINEERING, COMPUTER
ENGINEERING AND INFORMATICS

Doctoral Dissertation

ADVANCED FIBRE OPTIC SENSORS DEVELOPED USING
FEMTOSECOND LASER INSCRIPTION

Antreas Theodosiou

Limassol, September 2018



Approval Form

Doctoral Dissertation

ADVANCED FIBRE OPTIC SENSORS DEVELOPED USING
FEMTOSECOND LASER INSCRIPTION

Presented by

Antreas Theodosiou

Supervisor: Dr. Kyriacos Kalli, Associate Professor

Signature

Member of the committee: Dr. Andreas Othonos, Professor

Signature

Member of the committee: Dr. Stavros Pissadakis, Principal Researcher

Signature

Cyprus University of Technology

Limassol, Semptember 2018



Copyrights
Copyright ©2018 Antreas Theodosiou

All rights reserved.

The approval of the dissertation by the Department of Electrical Engineering, Computer
Engineering, and Informatics does not imply necessarily the approval by the Department

of the views of the writer.



This thesis is dedicated to my family for their
endless support and love and to the memory
of my uncle who'’s no longer with us



Acknowledgements

First 1 would like to kindly thank my supervisor Professor Kyriacos Kalli for his expert
advice and encouragement throughout this project and for giving me the opportunity to
work with him and trust me to be part of the Photonics and Optical Sensing Research

Laboratory at the Cyprus University of Technology.

I would like to thank Professor Michael Komodromos from Frederick University and Dr.
Andreas Stassis from Mechanical Engineering in Cyprus University of Technology for
their support. | greatly appreciate Dr. Udi Shafir and Dr. Garry Berkovic from Soreq
NRC (lIsrael), Prof. Christophe Caucheteur and Dr. Xuehao Hu from the University of
Mons (Belgium), Professor Ursula Gibson and her group from Oslo (Norway), Professor
Yosuke Mizuno and his group from Japan, and Dr. Carlos Marquez and his group from
Aveiro, Portugal, for their wonderful collaboration and help, and the opportunity given

to me to be involved in their exciting research projects.

I would also like to thank all my colleagues and friends that | met and collaborated with
during my PhD project starting with Dr. Amedee Lacraz, Dr. Charalambos Koutsides,
Marios Kofinas, Michalis Polis, and Andrea loannou, for their wonderful collaboration,
and for all the knowledge shared with me. Your support was valuable and | appreciate

that you were always willing to help me all these years.

Finally, special thanks to my parents, George and Augi Theodosiou and to my siblings
Gabriella, Katerina, and Theodosi Theodosiou, and my nephew Klairia for their endless

support and love.



Abstract

Currently optical fibres are widely used for telecommunications and sensing applications
due to their immunity to electromagnetic fields, and their light weight and small design.
In particular for sensing purposes, different types of specialised fibres have been
development either with special designs, such as microstructure patterns or using
different kinds of materials. In this way, the sensitivity of the fibres can be enhanced or
become unresponsive to specific parameters. However, not all the speciality fibres are
photosensitive and efficiently processed with conventional UV lasers to manufacture
sensing structures; as a result, most of the ‘alternative’ material or designs fibres are not

fully exploited.

On the other hand, the femtosecond lasers modify materials using a different principle.
The material photosensitivity is not required to induce refractive index changes in the
fibres, indeed minimising linear absorption is desirable and the greater the transparency
of the material the better for femtosecond laser processing. In this case it is multi-photon
absorption that occurs at the laser focus that is important for laser-induced material
modifications. In this thesis, we present the development and manufacturing of advanced
fibre optic sensors using a femtosecond laser operating at 517 nm. A wide range of
different optical fibres processed allows for the fabrication of not only fibre Bragg
grating (FBG) sensors but also chirped gratings, Fabry-Perot cavities, and Mach-Zehnder

interferometers (MZIs).

I summarise several examples that a unique to femtosecond laser inscription. The precise
and accurate control of the inscription parameters during the fabrication of sensors in a
multi-mode optical fibre can lead to control of the coupling between a Bragg grating and
the higher order modes of a low loss polymer optical fibre (POF). A result is that we are
able to inscribe single-peak FBG sensors as an array in the multi-mode optical fibre. We
demonstrate this by inscribing FBGs in a low loss POF, in which it is not possible to
inscribe gratings using conventional UV-laser sources, and hence demonstrate
applications using polymer fibres over several tens of meters, which exceed the operating
length of POF-based sensors by three orders of magnitude at an operating wavelength of
1550 nm.

We show the inscription of FBGs in conventional silica fibre inscribed and characterised

by exposing the fibre to different femtosecond laser pulse conditions, whereas
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interferometric structures, such as Fabry-Perot cavities, MZIs, and waveguide Bragg
gratings were written using similar inscription parameters, producing compound optical
sensors that are able to sense properties such as curvature and refractive index. Moreover,
traditional methods for detecting refractive index changes, such as tilted-FBGs, were
further studied and for which we developed a flexible inscription method that allowed
for the selective control of the range and position of radiation and cladding modes across

the wavelength spectrum, applied to refractive index sensing.

We explored other fibre materials, such as phosphate fibres for bio-sensing applications
that were laser-processed for the inscription of different structures (FBGs, Fabry-Perot
cavities, chirped gratings) and characterised under different conditions (temperature and
humidity). Finally, an important step was made in the processing of novel fibres such as
silicon-core/glass cladding fibre, and polymer fibres with unique mechanical
characteristics, which were processed and characterised showing their sensing

superiority compared with other optical sensors.

The content of this thesis contains several novel pieces of research in the field of optical
fibre sensing, and femtosecond laser processing of optical fibres that contribute to the
better understanding of how one should process different optical fibre materials, with a
focus on the difficulties and obstacles that were faced. In conclusion, new routes for

industrial processing of materials are enhanced and motivated by the results of this thesis.

Keywords: Femtosecond Laser, Fibre Bragg Gratings, Polymer Fibres, Waveguides,
Optical Fibre Sensing
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1 Introduction and Thesis Structure

1.1 Introduction

The immunity to electromagnetic interference, their small size and weight, high
sensitivity, broad bandwidth, and low losses are only some of the advantages of optical
fibre sensors compared to other conventional (non-fibre) sensing methods. To date fibre
optical sensors have found applications in many aspects of our lives, starting from
communication systems networks, to more specialised areas such as biomedical, civil,
mechanical, and space applications. However, as with all the optical sensing systems, not
all the fibres are appropriate for all potential applications. For this reason, a large number
of research groups and companies all over the world are working on the development of
speciality optical fibres for specific purposes such as detecting gases, the detection of
chemical and biological materials (e.g. DNA), resistance to high temperatures, high
elasticity etc., using a variety of materials and fibre structures [1]-[5].

One of the most common, efficient, and indeed trustworthy categories of optical fibre
sensors are the Bragg grating based sensors. They are formed by periodically modifying
the refractive index of the fibre core, typically parallel to the fibre axis, although tilt can
be readily introduced. The first gratings were inscribed using holographic inscription
methods that were replaced several years later with the phase mask method, which
requires less configuration and alignment effort [6]. In 1990 a new method was
presented, the so-called Point-by-Point inscription method, which offers flexibility on
the gratings period and faster inscription duration [7]. However, the above techniques
cannot provide complete control of the grating parameters and enough laser-material

interaction flexibility to be applied to any fibre optic material.

With these caveats in mind, the correct processing of the different materials for the
utilisation and the development of “optimal” optical fibre sensors is a critical and vital
choice. In this thesis we present the application of a novel, patent-pending inscription
method that is tailored for use with femtosecond laser systems, which we have termed
the “Plane-by-Plane inscription method”, and that is applicable for the inscription Bragg
grating sensors and waveguides using similar laser parameters, offering stability and
flexibility in the laser modification of materials and sensor development. The particular

method offers unique flexibility compared to the other methods to control all the
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important Bragg grating inscription parameters, such as spatial and optical parameters
and that can be employed to readily inscribe uniform Bragg gratings and also chirped
gratings, Fabry-Perot cavities, controlling the mode excitation of multimode fibres, tilted
fibre Bragg gratings etc. The method may also be applied to a wide range of optical

fibres, regardless of their design and their host material.

This thesis has extensively explored different of optical fibre sensor structures in many
different materials, starting from conventional single-mode glass fibres, CYTOP
polymer fibres, boron-doped fibres, phosphate fibres, and silicon-core fibres. The fibre

designs are single- or multi-mode, with solid core or microstructure fibre designs.

The content of the current research has not only scientific impact but also offers an
industrially-related interest since most of the work is currently world leading and opens
the route to the commercialisation and the use of these speciality optical fibre sensors to

industrial environments.
1.2  Thesis Structure

This thesis is divided into three distinct research sections. The first consists of three
chapters, (Chapters 3-5) with a focus on new developments in polymer optical fibre
sensing technology. The second research area is related to the development of optical
sensors based on glass and soft glass fibres and contains two chapters Chapter 6 and
Chapter 7, whereas the third research area explores the development of optical fibre

sensors in new materials (Chapter 8 and 9).

The contents for each chapter are as follows: Chapter 2 contains the operating principals
of the optical fibre sensors that will be presented in later chapters of this PhD thesis,
along with the governing equations and theoretical aspects of the particular sensors. An
introduction to polymer optical fibres and their use as sensing components is presented
in Chapter 3. Their advantages and disadvantages compared to their glass counterparts
are summarised. Here we also report on the latest research regarding the inscription of
fibre Bragg gratings in POFs, with an emphasis on the inscription methods, designs,
materials and sensitivities for different environmental parameters and perturbations.
Chapter 4 presents our innovative work and first reported, regarding the inscription of
‘single-peak’ fibre Bragg gratings (FBGs), chirped gratings, and Fabry-Perot cavities in

a multimode gradient index CYTOP polymer fibre, using a new femtosecond laser



inscription method. The chapter concludes with the characterisation of the optical devices
for different physical perturbations such as axial strain, relative humidity, and
temperature. Chapter 5 shows for the first time the use of long length (several metres
long) POFBGs arrays that are two orders of magnitude longer compared with existing
POFBG sensors, for applications in different fields and prepares the route to practical

sensing applications.

A shift of focus leads to the development of optical fibre sensors in glass and softglass
optical fibres in Chapter 6. More particularly, innovate basic study is presented related
to the inscription of FBG sensors in single-mode glass fibre. The laser parameters, such
as pulse energy and the number of pulses used to control the grating characteristics such
as cladding mode excitation, refractive index change, grating strength, and the order of
the gratings are reported. We also present research related to control of the excitation of
fibre cladding modes, regarding their strength and position in the wavelength spectrum,
of tilted-FBGs, inscribed in boron-doped glass fibre. The chapter concludes with our
findings related to the inscription of different optical sensors within soft-glass
bioresorbable phosphate optical fibre and their characterisation for temperature and
exceptionally high humidity environment for extended time periods. In Chapter 7 we
consider the potential of using the fibre cladding as a waveguide-supporting structure
and consider the inscription of waveguides for monolithic devices integrated directly into
the cladding. The results confirm that is possible to couple the evanescence light from
the fibre core to the fibre end face or other parts of the fibre cladding region using
cladding waveguides. The inscription parameters to achieve the maximum coupling
between the waveguide and the fibre core are presented, while different optical sensing
structures such as waveguide Bragg gratings and Mach-Zehnder interferometers were
utilised and characterised for various environmental measurands. Finally, integration of
multi-core fibres that are now so topical are considered, and novel results of bringing a
single core single mode fibre with three FBG arrays written in three different cores of a
four-core fibre is presented, supported by their response in reflection for bending and

strain.

For the last part of the thesis, we consider grating inscription in two new materials of
importance and report our findings in the last two experimental chapters. Chapter 8 leads
to a potentially disruptive step in grating technology, as the first ever work on the

inscription of FBGs in a silicon-core fibre and their characterisation as strain and



temperature sensors is presented. This key step could link optical fibre components with
silicon chip technology. Chapter 9 describes a unique work analysing the mechanical
properties, the grating inscription, and characterisation of the FBG under temperature,

and humidity of a new, ultra-low Young’s modulus polymer fibre.

The thesis concludes with Chapter 10; remarks regarding the work presented in this thesis
are considered, as are future trends and directions for femtosecond-laser inscription of

Bragg gratings.



2 Theoretical Background

2.1  Single-, and Multi-Photon Absorption

In the 19" century Niels Bohr and Ernest Rutherford introduced the Rutherford-Bohr
model (later known as the Bohr model) that defines that the photon energy (Epn) is

proportional to its frequency,
hc
Epp = hf = ik (2.1)

where h is Planck’s constant (6.62607x1034J.s%), f is the photon frequency and c is the
speed of light (2.998x108 m.s™%). Initially, the atoms were considered to consist of a cloud
of negatively charged electrons surrounding a small and positively charged nucleus and
moving around the nucleus at specific orders according to their energy [8]. Rutherford in
1911 proposed the planetary-atom model, and according to the classical physics electrons
lost energy as they moved around the nucleus, spiralling inwards, giving up energy
through their orbit, and finally collapsing into the nucleus. This assumption predicts that
all atoms are unstable. However, later experiments showed that the electrons emit and
absorb light at particular discrete frequencies. In 1913 Niels Bohr improved Rutherford's
planetary-model by proposing a new model, the so-called Bohr model. He suggested that
electrons move in orbits around the nucleus without radiating, as they are at resonance,
and can only gain or lose energy by jumping from one allowed orbit to the other by
absorbing or emitting energy with a specific frequency, determined by the energy

difference of the orbits, according to the Planck relation,

AE=E,—E,, (22)
More specifically, as shown in Fig. 1(a), in an atomic transition, the excitation of an
electron from the valence band (VB) to the conduction band (CB), requires a photon
energy equal to or greater than the energy gap between the two bands. Conversely, the
electron is emitting a photon at specific energy when it returns from the conduction band
to the valence band as follows,

hc
hf = —

f =Ecg —Eyp (2-3)



In this way, the absorption bands for each material affect how light interacts with the
material, through either linear or non-linear absorption. An outcome of this interaction
may be a refractive index change in a transparent material, the generation of optical
breakdown or material ablation. If we consider, “conventional” methods for modifying
the refractive index of optical materials that are based on processes related to material
photosensitivity then the laser radiation wavelength should be within the wavelength
range of absorption features (bands) of the material. This holds for linear absorption

phenomena, where non-linear affects are not present.

In contrast, when extremely high-intensity photons are focused into or on the material,
then non-linear process can be activated. For example, with multi-photon absorption, an
electron could be excited to the CB by multiple photons as shown in Fig. 1(b), even if
the photon energy is far smaller than the band gap energy. Multiple photons can be
absorbed simultaneously giving enough energy for electron promotion. This requires that
the pulse duration is <1 ps, which minimises hydrodynamic motion and heat transfer,
and should be less than the time needed for the electron to transfer energy to the lattice.
Moreover, multi-photon absorption is realised for only a small portion of the focused
beam that exceeds the material damage threshold. Therefore, when the pulse intensity is
extremely high (10! — 10 W/cm?) and the pulse duration is much lower than the thermal
diffusion time (>1 ns), sub-micron or nano-scale refractive index modifications with the
minimal thermal damage become possible, as shown in Fig.2(a&b). Importantly, the
multi-photon based inscription methods have the advantage of being applicable to any

transparent material, in sharp contrast to the photosensitive-related methods.

CcB ' cB
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Figure 1: Schematic illustration of a) Single-photon absorption and b) Multi-photon absorption for the
transition of an electron from the valence band to the conduction band [9].
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Figure 2: Laser processing of transparent material using a) Long pulses and b) Ultra-short pulses [9].

2.2 Waveguide Theory

In this section presented, the basic theory related to the propagation of the light in

cylindrical geometries, such as the optical fibres and the waveguides inscribed and

employed in this thesis.

Maxwell’s equations govern the propagation of the light in a medium as follows,

VxE = 05 2.4
=T (24)

J0E
VxB = u, (] + & E)' (2.5)

vE=L (26
&

o

V.B=0, (2.7)

where E is the electric field, B is the magnetic field, u, is the permeability of free space,
&, 1S the permittivity of free space, J is the electric current density, and p is the electric

charge density.



The wave equations for the electric and magnetic fields that describe the propagation of
electromagnetic waves through a medium or in a vacuum are extracted by taking the curl

of the equations (2.4 — 2.7) and have the following form,

V2 02
<M_W>E:0' (28)

vZ o 92
< ——>B=O, (2.9)

The Fourier transformation of the electric field is given by,

o

E(r,w) = fE(r,t)ei‘*’tdt , (2.10)

— 00

while Maxwell’s equations can be employed to solve the wave equation in the frequency

domain,
V2E + n?(w)kZE =0, (2.11)
where n is refractive index, and k, = 2w /A is the free-space wavenumber.

Assuming that the optical fibre and the written waveguides are cylindrically symmetrical,
the wave equation may be modified to account for cylindrical coordinates,

or? +r6r+r 02 + 0z2

0%E, 10E 1 0%E, O0%E
4 S 2+ n?k2E, =0, (2.12)
where ris the radius, ¢ the azimuthal angle, and z the vertical position while the

refractive index define as,

<
nz{nz 0<r<a (2.13)

nq r>a’
where a is the radius of the core.

For waveguides that are spatially close enough (approximately one wavelength of
transmitted light) so that their evanescent fields may couple through overlapping in the
two waveguiding media (such as waveguides inscribed in chapter 7), the light will
periodically transfer from one waveguide to the other. In this way, formally one can solve
Maxwell’s equations in both waveguides to determine the modes of the system.
However, these modes differ from the case where each waveguide is in isolation and the

exact analysis can be complicated. To make the calculations more tractable, we can

8



assume that the coupling between the two waveguides is weak. With this assumption, an

approximate analysis can be undertaken, using the coupled mode theory.

Subsequently, the electric field may be expressed as a linear combination of the normal
modes of the initial waveguide, where the amplitude coefficients A,, vary with the

propagation distance, to account for the energy exchange between the waveguides,

E= ZAm(z)Em(x, y)elwt=Fm2) = (2.14)
m

where m is an integer and denotes the mode number, and E,,, is normalized amplitude of
the modes. To solve the coupled mode equations, equation (2.14) is substituted into
equation (2.10). Assuming a slowly varying amplitude due to the weak coupling
(neglecting d?4,,,/dz?) and the fact there are only two waveguides that support normal
modes E;(x,y)exp(i(wt — B,z)) and E,(x,y)exp(i(wt — f,2)), the coupled mode
equations for co-directional coupling are as follows,

d i iAfz
EAl + lkAZe = O ) (215)

d _ A
A2t ikA e =0,  (2.16)

where AB = B; — B,. The equations (2.15) and (2.16) for the case of phase matching
between identical waveguides with the same propagation constant (Af = 0), are solved

as,
Ai(z) = A, (0)coskz , (2.17)
A,(z) = —iA1(0)sinkz , (2.18)
where A, (0) is the light amplitude at the launch point z=0 for waveguide 1, whereas the
light amplitude in waveguide 2 is A,(0) = 0. The coupling ratio is normalised and

defined as the power in the cross port divided by the sum of the power at the two output

ports,

_ bk 14, (2)|?
Pr+ P,  |A1(2)]7 + |4,(2)]?

T =sin’kz , (2.19)

where the coupling coefficient is,

— kg 2 2
k= ﬁ("wg —nkue) || ExGoy)Ez(x, y)dxdy , (2.20)



where n,,4 and np,is the refractive index in the waveguides, and in the bulk (in this
case the cladding), respectively, assuming a step refractive index profile. The integration
in equation (2.20) is carried out over waveguide 2. The power coupling ratio for the
phase-matched case results in sinusoidal oscillation of power between waveguides. The

beat length L., for full power oscillation is inversely related to the coupling coefficient,

T
Lpeat = E ’ (2-21)

2.4  Fibre Bragg Grating Theory

The fibre Bragg grating (FBG) is an optical device that operates as a wavelength selective
mirror, and is spectrum is viewed mainly in reflection and detected as a single peak at a
specific resonance wavelength. If viewed in transmission one can consider that it is a
notch in the transmission spectrum, as shown in Fig. 3. The resonance wavelength
reflected by a FBG satisfies the Bragg condition that accounts for the period between any
two consecutive index changes written along the core, A, of the fibre and the effective

refractive index change, n.sr as given below:
m. ABragg = Zneff/l (222)

where m is the order of the grating..

[ : Fiber Bragg Grating

—t—
e /r l
A A~ i ]

1 =27A .

IS

Figure 3: Schematic diagram of the fibre Bragg grating structure and its spectral signature both in
transmission and in reflection spectrum [10].

It is the phase matching between the light reflected from each of the grating planes that

results in the coherent backscatter of light. Based on the previous section, the FBGs can

expressed as a coupled-wave equation and written as [11],

dd4; .
d—le—lkAre‘AﬁZ, (2.23)
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dA,

= ik*A;ethz | (2.24)

where A; and A, are the amplitude of waves propagated forward and backward,

respectively, and k is the coupling coefficient.

The difference between the propagation constant of forward wave g;, and backward f3,. is

given by [12],

2mm
AB = Bi— B, ———, (2.25)

Assuming the grating has the maximum reflectivity, then A = 0, and equations (2.23)
and (2.24) become,

dA;

E= —l'kAr f (226)
dA,
- = kA, (227)

By making this assumption one can readily solve the two equations in a similar manner.
By differentiating equation (2.26) and eliminating A,- using the equation (2.27), a second
order equation appears for A; as shown below,
d?A;
dz?

— k%4, =0, (2.28)

For a boundary conditions,
AL =1, A(L)=0, (2.29)
where L is the total length of the grating, then the solutions of the equation (2.28) are,

cosh[k(L — z)]

Ai(z) = Bcosh(kL)

, (2.30)

—jsinh[k(L — z)]

Ar(2) = Bcosh(kL)

, (2.31)

The effective refractive index change depends on the degree of refractive index
modulation and gives a measure of the overall area across the FBG, containing the

modified region and the unmodified, and calculated as [11],

21
Onerr(z) = 6nyc(2) + 6ngc(2) cos [72 + <p(z)] , (2.32)
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| —

6ndc = X Sneff , (233)
ldo
6nac =6+o0 —EE , (234)

where dn,.(z) is the dc index change over the grating length, 6n,.(z) is the index

modulation over the length of the grating and ¢ (z) describes the grating chirp [13], [14].
Moreover, ¢ is the detuning, o is the “dc” coupling coefficient, the derivative %2—3
describes possible chirp of the grating period, and 8n is the “dc” index change spatially
averaged over a grating period. Note that, for a uniform grating along the z, dp/dz=0 and
Sneg s a constant. The aforementioned factors are given by the following expressions:

11
5 = 21ngy, <i_ﬂ> , (235)

_Zn_

o 1 Sneff , (236)

By using the equations above, the grating reflectivity (R) is extracted as a function of
both the grating length (L) and wavelength (1), and is given below,

sinh?( \/ Sng.” — 6ng.’L)

2 )
cosh? <\/6nd62 — 6na62L> — 5n—“cz

6ndc

R(L,A) =

(2.37)

To find the maximum reflectivity (R,,,,) Of a uniform FBG when § = 0, at the phase
matching condition Ap = 2n,¢¢4, the equation (2.37) is simplified to,

AN 0aL

Ryax = tanh?(kL) = tanh? < > (2.38)

m. ABragg
where the k is the coupling coefficient, L is the length of the grating, An,,,4 IS the
induced refractive index modulation, n is the mode overlap integral for the forward and
backward propagating modes [11], [13]. The FBGs could be observed in reflection
spectrum as a peak of intensity with strength R or as a transmission loss in transmission

spectrum indicated as T=1-R.
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The modulation of the refractive index induced by the laser irradiation is given by solving
the equation (2.38) for, An,,,4 [15],

k.2pragg
n
The parameter # can be estimated from the expression,

Anmod,AC = (2-39)

_ m?d?*NA?
A%, + m2d2NA2
where d is the core diameter and NA is the numerical aperture of the fibre. Using the

n (2.40)

parameters of SMF28 (d= 8.2 um, NA= 0.14) at 1.55 um wavelength, the # parameter is
equal to 0.84. The effective refractive index, An.srpcis mean modulation of the
refractive index and is related to the shift of the resonance wavelength from the
anticipated or design resonance wavelength given by equation (2.22). The Any,pq ac, 1S
the actual modulation of the refractive and related to the strength of the grating or in other
words to the reflectivity of the grating. Figure 4 showing more clearly the difference

between the two parameters.

i Bnmod

Dness

Unperturbed core

ncore

Refractive index (a.u)

Ncore = Nclad

Nclad

a1 2 2958 2089 2000
FBG length L (um)

Figure 4: Clarification of the refractive index measurands related to the fibre Bragg gratings [15].
2.4  Fibre Bragg Gratings in Multimode Mode Fibres

Given that we will use multimode fibres having a gradient index profile, we here consider
how this affects the location of the Bragg peaks. The refractive index profile for a graded-
index fibre given by [16],
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_ noy1—2A(r/a)? (0<r<a) 2 41
) {nO\/1—2A=na r>a (241)

where n, and n, are the refractive indices at r = 0 and r = a respectively and

Ng —Ng

A= , (242
—, (242)

The normalised frequency, V, is defined as

NA
V=2ma—, (243)
Ao

NA =nz—nZ, (2.44)

where NA is the numerical aperture of the fibre which can be simplified based on the
equation (2.41) as [16],

NA =n,V24 , (2.45)

From the equation (2.41) and (2.42) the number of modes, M,,,,mper, fOr a graded index

fiber are,

VZ
Myymper = T ’ (2'46)

After that, we compute the refractive index for each particular principal mode using the

expression below [16],

Ny =Npy /1 —44.m/V |, (2.47)

where m=/, 2,....M-1. Furthermore, between two consecutively principal modes, there
is one cross-coupled mode [13]. The resonance Bragg wavelengths of principal and

cross-coupled modes calculated as follows

{ Am = 2n, A

25055 = (g + )t 4O
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Based on the previous equations, we compute the multiple Bragg peak spectrum of a
gradient index fibre with core diameter 62.5 um, NA=0.19, and refractive index in the
centre of the core 1.344. This value corresponds to the manufacturer values of CYTOP
polymer fibre, GI-CYTOP by Chromis. We initially calculate the number of modes
supported by the particular fibre using the equations (2.41) - (2.46) and their respective
refractive indices using the equation (2.47). Subsequently, we can calculate the refractive
indices of the cross modes as follows,

N + Mgt
Neross,m = mfm-k (2'49)

As the core refractive index is n, = 1.3477, the cladding-core difference is 4 ~ 0.01
and A = 1560 nm, the particular fibre supports 140 modes; however, only the lowest mode

numbers carry most of the light.
2.4 Tilted Fibre Bragg Gratings

The tilted-FBGs (TFBGs) or blazed FBGs are governed by the same principles as with
the uniform FBGs, however now the refractive index modulations are written at an angle
with respect to the fibre core, as shown in Fig. 5. In this way, the light propagating
through the fibre core is diffracted and coupled to a wide different range of cladding
modes that are observed as narrow wavelength dips in the transmission spectrum, as
shown in Fig. 6. The tilt angle sets the coupling range and wavelength position of the
cladding modes. These particular fibre gratings have found numerous applications for
sensing smaller perturbations of the surrounding environment such as refractive index

changes, Ph variations, etc.

The TFBGs are mainly fabricated using the phase mask inscription method and
holographic approaches [17]-[19]. To achieve the required tilt angle of the grating either
the fibre is fixed with a specific tilt with respect to the normal of the diffraction pattern
created by the phase mask or the phase mask is rotated with an angle. The latter has the

adverse affect of reducing the fringe visibility.
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Figure 6: Transmission spectrum of TFBG with tilt angle less than 5 degrees [21].

The coupling between the core mode and a cladding mode and the coupling wavelength
(Acouping) OF a tilted FBG described as follows [22],

21
Becore t+ ﬁcladding = 7(3059 , (2.50)

Acoupling = (neff,core + neff,cladding) cosO ’ (2-51)

where Bore aNd Beigaaing are the propagating constants for a core and a cladding mode,
respectively, A is the period of the grating, 6 is the angle of the tilt and n.¢f core and

Nefr claading are the effective refractive index of the core and cladding, respectively.
2.5 Fibre Fabry-Perot Cavities

The classic bulk optic Fabry-Perot (FP) cavity or etalon interferometer consists of a pair
of highly reflective mirrors separated by a specific length to form a cavity that cab be
operated as a resonant device, as shown in Fig. 7. When highly temporally coherent light
is incident on the cavity, it experiences multiple reflections between the mirrors. When

the multiple reflections are brought together by a focusing lens, they interfere coherently,
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and narrow fringes are observed. The distance between the two mirrors controls the

difference between two consecutive fringes.

Reference Measurement
mirror muTor Lens
Laser R R

Detector

Movable

- -

Figure 7: Schematic diagram of a Fabry-Perot interferometer [23].

The FP cavity can be constructed in several ways [24]-[26], tailored for different
purposes and applications such as humidity, temperature, and strain sensors, for the
development of fibre lasers, as a communications filters, detecting magnetic fields etc.
[26]-[30]. However, in this thesis we will only focused on the construction of FP using
fibre Bragg gratings instead of traditional, bulk reflective mirrors and other free space
components, as shown in Fig. 8(a). This scheme allowed the utilisation of a more
compact and stable design for sensing and telecommunication purposes, and fibre laser

configurations.

It is critical that the two FBGs operate at the same resonance wavelength. The transmitted

intensity of FP is given by,

t tye"terr
I =
I— (2 COS(ZkLeff) Vi rze_lLeff) + 1ryrye " 2tlers

, (2.52)

where 71, and t,, are the reflection and transmission coefficients, respectively, L is
the effective length of the cavity and [ is the attenuation of the fibre [31]. It is noted that
the effective length is the summation between the physical length between the two FBGs

(d) and the penetration depth of the FBGS (L. rpg1), @ shown below,

Leff =d+ Leff,FBGl + Leff,FBGZ , (253)

ngl,Z
Lesrrec = > (2.54)

where v, is the group velocity, and 7, , are the group delays for the corresponding FBGs.

17



According to the wavelength of the FBGs, the cavity length, and the effective refractive
index value, the wavelength difference between two consecutive maxima of the FP

interference pattern, the Free Spectral Range (FSR) is given by,

. (2:55)

where A is the operating wavelength, n. . is the effective refractive index, and L. is

the effective length of the cavity. Another important characteristic of the Fabry-Perot
cavities is the Finesse and is calculated as shown below,

Mpsg 4R
52  (1-R)?’

finesse = (2.56)

where 84 is the full width at half maximum of the fringes.

The Bragg grating is similar to a concatenated array of interleaved, Fabry-Perot cavities,
with each cavity having an ultra-low reflectivity mirror and for which the “cavity” period
between the two consecutive FBG periods is so small that according to the equation
(2.55), the FSR of the shortest “cavity” is in the micrometre range, whereas there are
effectively as many FSRs as grating planes. Similarly to the Fabry-Perot there are a large
number of propagating fields in the grating structure, and those that are weakly reflected
coherently add to produce the characteristic resonance, according to the optical path

difference between the Bragg planes.

The shorted form of a fibre Fabry-Perot (FFP) is the n-shifted FBGs, which utilises two
FBGs inscribed in line along the fibre’s optical axis, as in Fig. 8(a), but with d equal to
the half of the grating periods [32], [33]. The transmission spectrum of a n-shifted FBG
is shown in Fig. 8(b); the typical FBG spectrum is divided by a sharp resonance peak
which splits the FBG in two dips. In contrast, Fig.8(c) presents a typical reflection

spectrum of FFP cavity with physical distance between the two FBGs d=4 mm.

fiber Bragg grating

fiber optic portion

-— a)
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Figure 8: a) A Fibre Fabry-Perot schematic diagram for a cavity utilised in a fibre optic cable using two
identical fibre Bragg gratings [34], b) n-shifted FBG transmission spectrum [32], and ¢) Typical reflection
spectrum of a fibre Fabry-Perot cavity spectrum with distance d=4mm between the two FBG [35] .

2.6 Mach-Zehnder Interferometers

The Mach-Zehnder interferometers (MZI) are another form of an interferometer where
the light is separated in two pathways with intensities I; , and I,, for path 1 and path 2,
respectively, as showin in Fig. 9(a). One of the two arms is always the reference arm
while the other one is used as a sensing arm [36], [37]. At the point where the sensing
and reference arm combined, the interference between the light travelling in the two
pathways forms a typical interference pattern, as shown in Fig.9 (b) for different optical

path differences. The MZI intensity output is described as,
2w OPD
I = 11 + 12 + 2 11126‘05 (T) ) (258)

where A is the operating wavelength [38]. This interference pattern is characterised by
the FSR, which is dependent on the optical path difference (OPD) between the two arms.
When the sensing arm detects a disturbance, then there is a change in the OPD between
the two arms which results in a relative phase shift between the light beams propagating

in the two arms and subsequently a shift in the interference pattern.
The optical path (OP) for each arm and the OPD are computed as follows [39]-[41],
OP =ngfL , (2.59)
OPD = (ngspiLls) — (Mefralz) , (2.60)

where n,, is the effective refractive index and L is the physical length of the waveguide.

The phase difference is given as,
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Ap = TOPD , (2.61)

where the phase difference satisfies the condition,
¢ =02m+ 1, (2.62)

Here m, is the order of the mode and is an integer, and intensity dips appear at
wavelengths located at,

ZAneffL

= — 2.
mo2m+1 (2.63)

The FSR of the interference fringe pattern is given by,

2

AApsg = —

, (2.64

Typical transmission spectra for Mach-Zehnders having different path lengths are
presented in Fig.9(b). The FSR decreases as the length of the MZI increases, as expected.
Another characteristic of interferometers, such as the MZl, is the fringe visibility which
is defined as follows,
Inax = Imin
V= —Imax . (2.65)

where the I,,,, and I,,;, are the maximum and minimum intensity of the interference
pattern fringe. The optimum fringe visibility is achieved if the coupling ratio is precisely
50/50 for both the couplers shown in Fig. 9, and this places strict requirements for the
femtosecond laser inscription of cladding MZIs. The fringe visibility is equivalent to the
Q-factor, which is calculated in terms of wavelength as,

_ L 2.66
where A, is the centre wavelength of the fringe and 44 is the full width at half maximum
bandwidth of the fringe.
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Figure 9: a) A schematic diagram of a Mach-Zehnder interferometer scheme for biomedical applications
[41] b) Mach-Zehnder spectrum profile for different lengths [36].
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3 Polymer Optical Fibre Sensors — The
State of the Art

3.1 Introduction

Originally, POFs were developed as an option for low-cost solutions for future
transmission networks. Existing transmission networks operate with glass fibres, with
the exception of the last section, the so-called ‘last mile’ to the home, which consists
typically of copper cables. Due to the rapid growth of the internet and the higher
bandwidth demands, copper cables are being steadily replaced with higher bandwidth
solutions, such as optical fibres, either glass or polymer fibres. However, due to the
plenty of wires, junctions and connections to be replaced, the solution required to be a
low cost, efficient, with minimal installation and maintaince effort. The use of multimode
(MM) POFs may provide a good solution since glass fibres are a relatively costly
solution. In particular single-mode fibres require careful handling and termination, and
high-level training is required for general handling and splicing. The fabrication expenses
of POFs are more or less the same as with the glass fibres, but the handling and
maintenance costs are much lower. Specifically, the large core diameter of MM-POFs
makes coupling of the light to and from the fibre far easier, while their cleaving and
connectorisation do not require specialised equipment and well-trained technicians.
Initially, the first large core step-index POFs did not support significantly high
bandwidths (1 Gbps) than copper cables (10Gbps for Cat6a and Cat7), but this greatly
improved with the formation of a tailored refractive index profile and the development
of the graded index POF (100Gbps) [42]-[50].

From the sensing point of view, the large-core MM-POFs often lead to various
interrogation problems. Typically FBGs inscribed in MM fibres are characterised by
multiple peaks at the Bragg wavelength in reflection or multiple dips in transmission
[16], [51], [52]. This is because of the high number of propagation modes supported by
these large-core fibres having marginally different refractive index values. With
conventional inscription methods, such as the phase mask or the interferometric methods

using UV laser sources, most of the core modes are triggered and detected in the spectrum
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as multiple peaks. This will cause interrogation problems as almost all sensing
interrogators are designed for use with single peak FBGs. For that reason, several
research groups have worked and are still working on the development of single mode
POFs, mainly based on polymethylmethacrylate (PMMA) polymers. However, the

smaller fibre core in POFs creates its own problems, as will be discussed.
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Figure 10: a) Cross section of microstructure polymethylmethacrylate (PMMA) fibre by Kiriama
LTD, and b) Attenuation loss comparison between different polymers and common silica single

mode fibre.

There are two key designs that are used for the formation of single-mode POFs. The
fibres are either fabricated using dopants in the fibre core to increase the refractive index
value compared with the cladding region, and referred as step index (SI) fibres, or
without dopants (generally) and using microstructured patterns around the core to ‘trap’
the light inside the core, known as microstructured fibres (mPOFs) [53], [54]. The region
around the core is full of air holes that run parallel to the fibre longitudinal axis, and the
air-fill fraction determines the average refractive index in that region, thereby immitating

23



the role of the cladding; a cross-sectional image of a microstructured POF is shown in
Fig.10(a). We note that if the ratio of the air-holes diameter to the spacing between the
air-holes is less than 0.42, then the microstructured fibre is single mode [55]-[57]. As
noted, the majority of POF is made using PMMA. The main advantages of PMMA
compared to silica fibres are the improved mechanical properties. PMMA fibres have a
Young’s modulus 25 times lower compared to glass (~3 GPa compared with ~70 GPa),
which allows for a larger strain range, and this translates to a larger wavelength tuning
range, more than ten times compared to silica, if the fibre incorporates a FBG filter. The
maximum wavelength shift reported with a PMMA-FBG was in excess of 70 nm, by
inducing strain [58]-[60]. POFs are fundamentally safer to insert into the human's body
and perform biomedical measurements due to their high elasticity and soft material
properties. Moreover, PMMA fibres have been found to be more sensitive to temperature
than the silica fibres, and have also shown sensitivity to other parameters such as to

humidity and enhance the interactions with chemical elements like glucose [61]-[63].

The main drawback of PMMA-POF is the exceptionally high attenuation losses which
can reach ~100 dB/m, within the 1300 nm to 1650 nm wavelength window often used
for optical communication applications. Hence POF can be highly restricted in its
potential uses. As Ma et al. [64] showed, the absorption in this particular window come
mostly from the overtones of fundamental molecular vibrations. Specifically, the highest
energy vibrations occur for molecules having high spring constants and/or small masses
and the smallest reduced mass occurs when one of the atoms is hydrogen. For example,
the C-H overtone bonds results in high transmission absorption for the second and third
harmonics at the wavelengths 1729 nm and 1176 nm, respectively, and for the O-H bond
at 1438 nm for the second harmonic [64], [65]. The losses at shorter wavelengths, mostly
in the visible region, are much lower at ~0.2 dB/m (Fig.10(b)). However, this the majority
of the optical devices operate in near-infrared region 1300 nm - 1650 nm, the region
where POF losses are very high. This limits the operating length for FBGs in PMMA-
POF when used in the near infrared, and there is a practical length limit of only 10
centimetres, which severely restricts the use of POF to real-world applications. Clearly
alternative polymer materials are needed, if POF based FBG sensors or filters are to be

used practically and beyond the laboratory environment.

We also note that PMMA-POFs are hydrophilic and display high water absorption. This

adversely impacts the use of FBG POF sensors and their applications; a fact that suggests
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that they be acceptable only for certain uses, such as when FBGs are used to measure
relative humidity changes. The presence of humidity also causes cross sensitivity
problems, since the water absorption response of the POF interferes with strain or the
temperature measurements [61], [66]-[69]. Recent studies have shown that alternative
materials may be used to solve this issue, such as the cyclic olefin copolymer (TOPAS)
polymers. TOPAS fibres, unlike PMMA, are an inert chemical material and their
immunity to water absorption is much higher compared to PMMA. Unfortunately, the
material losses remain at high levels for near infrared use, and so do not offer a true
alternative to PMMA [70]-[73].

On the other hand, there is an excellent polymer fibre that was developed by Ashasi Glass
LTD and Keio University [74]-[76] in 1997, called cyclic transparent optical polymers
(CYTOP). The particular fibre was designed specifically to operate at infrared
wavelengths for short distance communication systems, such as the Fibre-to-the-Home
(FTTH) networks. With this material, the hydrogen bonds, which are responsible for the
high transmission losses in the infrared wavelengths, were removed using a fluorination
process, and the losses decreased to ~30 dB/km at 1300 nm, while theoretically it is
possible to have similar performance with the silica fibres, as better shown in Fig. 10(b)
[77]. At the same time, CYTOP-POFs show similar behaviour with TOPAS POFs and
glass fibres when placed in environments with high water content. Here it is important
to note that conventional UV lasers have yet been used to modify CYTOP and inscribe
FBGs, whereas this can be readily achieved using fs laser inscription methods, where the
high material transparency is well suited to modification via multi-photon absorption.
However, as already discussed the key application of the CYTOP fibre means that is only
commercially available as a multi-mode gradient index fibre; this makes FBG inscription

and sensor interrogation complicated.

The rest of the chapter is structured as follows. The second section is a literature review
of the photosensitivity of polymer fibres and the current inscription methods used for the
development of POFBGs. The third section is focused on the sensitivities of the POFBGs
to different environmental parameters such as humidity, temperature, and strain; whilst
the last section contains conclusions and remarks regarding polymer optical fibre sensing

technology.
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3.2 Fibre Bragg Grating Inscription in Polymer Optical Fibres

3.2.1 Photosensitivity of POFs

The photosensitivity or photo-reactivity of PMMA polymers were firstly studied over 40
years ago by Tomlinson et al. [78], Kaminow et al. [79], Moran et al. [80], and Bowden
et al. [81] using PMMA slabs. However, it was difficult to reach ultimate conclusions,
since it was clear that a variety of mechanisms were taking place, and dependent on the
radiation wavelength, the power of the laser source, and how the samples were prepared.
Tomlinson et al. [78] in 1970 prepared un-doped PMMA slab samples with
azobisisobutyronitrile (AIBN), and varied their oxidation levels to produce peroxides.
After several hours of exposure, the refractive index change saturated at ~3x1073. From
their results, they concluded that the oxidation products in the polymer absorbed the UV
radiation and produced free radicals, which cross-linked with adjacent polymer chains.
The cross-linkage is known to draw the polymer chains closer together, increasing the
material density and hence increasing the refractive index. Later Bowden et al. [81] in
1974 reported on similar results; however they stated that the refractive index increase
was due to an increase in material density resulting from the polymerisation of residual
monomers and not from crosslinking and this was shown to be correct in 1985 by Marotz
et. al. [82]. Kaminow et al. [79] in 1971 and Moran et al. [80] in 1973 reported on
reduced inscription times by increasing the ambient temperature to 40 °C, but the
maximum refractive index change saturated as a result and was lower than reported in

the previous studies.

Another paper in 1971 by Laming et. al. [83] reported on the poly-degradation or de-
polymerisation using UV laser light of 488 nm. Mitsuoka et al. [84] irradiated PMMA
samples with 260 nm, 280 nm, 300 nm, 320 nm, 400 nm and 500 nm laser light sources
and they reported a threshold wavelength for the photo-degradation of PMMA to be
around 320 nm by observing of chain scission of the main polymer backbone. Recently,
in 2014 Rodriguez et al. [85] reported the inscription of FBGs in PMMA fibres having
applied stress during the inscription process. The stress applied to samples enables photo-
degradation effects in polymers that increase the photosensitivity. But then again after
the gratings were inscribed the authors removed the phase mask and continued to
irradiate the gratings and found that the refractive index change was positive, indicating

that photo-polymerisation also occurred during the inscription process.
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The photosensitivity of the material could be increased by adding dopants or copolymers
into the PMMA samples as reported by Peng et al. in 1999, and Yu et al. and 2004 [86],
[87]. Studies continue in this subject area while researchers aim to increase the
photosensitivity in POFs and reduce the inscription time.

On the other hand, the photosensitivity of the CYTOP studied for a first time in 2001 by
Liu et al. [88] and Kawase et al. [89]. The CYTOP fibre samples were exposed using UV
laser operating in wavelengths 355 nm, 457.9 nm, 488 nm, and 514.5 nm. For the first
study, Liu et al [88] noted 1.6% diffraction efficiency after 20 minutes of exposure using
UV light at 355 nm, however this was after the fibre was compressed between two glass
plates and it is not clear what process was affecting the squeezed fibre core. In the second
study [89] the samples were exposed only for 10 minutes and the corresponding
diffraction efficiencies observed were 0.80%, 0.67% and 0.45% for 457.9 nm, 488 nm
and 514.5 nm, respectively. Again, it was unclear what process was responsible for the
material modification. Since then, at least to the time writing this thesis, no other studies

were reported on the photosensitivity of CYTOP POFs.
3.2.2  Current Fibre Bragg Grating Inscription Methods for POFs

Most of the inscription methods proposed for FBG inscription require that the fibre is
photosensitive. The first inscriptions in POFs performed using the phase mask inscription
were demonstrated by Peng et al. [87]; this method requires less configuration effort,
eases alignment, and offers better reproducibility in results [87]. The laser beam, usually
UV radiation operating at 325 nm, is incident on the phase mask and the phase mask
divides the monochromatic incident beam into two outgoing beams as shown in Fig. 11
(in this example the beam is incident from above). The two diffracted interfere and form
a diffraction pattern in the region where they are overlapped; the fibre is placed in this
triangular diffraction region. The FBG is imprinted into the core, with the largest index
change corresponding to the regions where the light intensity is highest. Based on the
photosensitivity mechanism the fibre absorbs the radiation at the areas where the
diffraction maxima exist leading to a positive modulation on the refractive index of the
material. The periodicity of the modulation depends on the pitch of the phase mask
gratings. Usually, the configuration employed for the FBG inscription is the +1/-1
configuration, with the laser beam directed normally to the phase mask. With this

configuration, the resulting fringe period is exactly one-half of the phase mask grating
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period. Normally the most of the diffractive light of the phase mask is contained in the
zeroth and first diffraction order [90]. However, to obtain high quality first order gratings,
it is important to suppress the zeroth-order diffraction otherwise it will contribute to the
intereference pattern forming higher order gratings. Thefringe visibility of the
interference pattern will not be uniform and as a result the grating periods will not
uniformly inscribed. Typically zeroth order suppressed to less than 1% of the transmitted

power [91].

A more detailed inscription setup diagram is shown in Fig. 12 where a low power
continuous wave helium-cadmium (He-Cd) laser was used for the FBG inscription in a
microstructured POF fibre. The inscription setup consists two plano-convex cylindrical
lenses with 10 cm focal lengths, one in the usual position of the phase mask, which served
to focus the light down toward the core, and the other at a distance of 56.5 cm from the
mPOF. The second lens was used to expand the diameter laser beam from 1.8 mmto 1
cm [92].

The typical inscription time is 60 to 270 minutes for mPOF, while step index fibre
requires a shorter time, typically 45 to 100 minutes [93]-[101], as the scattering of the
hole structure is now absent. The particular inscription method is affected by the
photosensitivity of the material, and the duration of the inscription is related to the laser

wavelengthand, in the case of microstructure fibre, the fibre geometry[102], [103].

Incident laser beam

Phase mask

\’—u—m_rm_ru—m_q
/

Interference
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Figure 11: FBG inscription process using the two beam diffraction pattern created using the phase mask
+1/-1 configuration [90].
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Cylindrical lens

Figure 12: Experimental setup of the phase mask inscription method for FBG inscription using a He-Cd
UV laser, mirrors to guide the laser beam and cylindrical lens to adjust the size of the beam [92]

The phase mask inscription method is also suitable for POFBG inscription with
femtosecond lasers. In this case the refractive index modulation, depends on multi-
photon absorption. From the literature [104] shown that the required inscription time

decreased significantly. Only 120 seconds is enough for FBGs with ~94% reflectivity.

In 1990 a new inscription method presented for glass telecommunication fibres by Hill
et al. [7] and later Malo et al. [105] the so-called Point-by-Point (PbP) inscription
method. The main advantage of this approach is the flexibility on selecting the gratings
period allowing the inscription of gratings at different wavelengths and potentially
chirped gratings. The first inscriptions with this method were made by attaching the fibre
sample to a motorised rotary stage from one end, and the other end was attached to a
pulley and a counterweight; as the motor turned the fibre was translated in front of the
laser beam slit. The laser could be set ‘ON’ either by stopping the motor at each
inscription point and perform single laser shot or by continuous motor turns and laser
flashes synchronised at regular intervals. However, this method was implemented using
a UV laser and the inscription process was laborious. A newer version of the PbP method
was proposed by Martinez et. al. in 2004 [106] using a femtosecond laser. By carefully
selecting the speed of the translation stage, single laser pulses hit the fibre core at a
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specific rate creating small points or volume pixels (voxels) to modify the refractive
index with minimum thermal damage. The fs PbP is method can be very fast and flexible
method regarding grating period. However the alignment requirements are critical, and
as a result, the alignment process requires much higher time and careful and accurate

stage movements.

3.3 POF-FBG Sensitivity

3.3.1 Strain and Pressure Sensitivity

As already discussed POFs have interesting viscoelastic characteristics. Typical Young’s
modulus values range from 1.8 - 3.1 GPa for PMMA, 2.6 - 3.0 GPa for TOPAS, and 1.4-
1.6 GPa for CYTOP, which is significantly lower than the 73.1 GPa of silica fibres;
potentially offering a higher tunability range, lower fracture failure and higher
wavelength tuning (73 nm) compared with the glass fibres [59], [60], [98], [107], [108].
Hysteresis is a typically problem with these fibres [109], [110]. It is usually observed
when the gratings left under strain for extended time or when exposed to high strain
levels approaching the elastic limit of the fibre [109], [110]. The strain sensitivity for
POFBGs is typically ~1.5 pm/pe at 1550 nm and ~0.7 pm/pe at 830 nm, for either PMMA
or TOPAS fibres [94], while as we will show later in chapter 4, for CYTOP-FBGs is
~1.44 pm/pe at 1550 nm.

3.3.2 Temperature Sensitivity

As one may anticipate silica FBGs can operate at temperatures up to 1000 °C whilst
maintaining its structural integrity, whereas the organic polymer material has a severely
limited maximum operating temperature, typically 78 °C for PMMA [73], and up to 135
°C for TOPAS [111]. On the other hand, the sensitivity of the POFBGs is significantly
higher, specifically, for the PMMA-FBG the response found to be -109 pm/°C [108]
while for TOPAS-FBGs is -78 pm/°C [112]. The polymer FBGs (PMMA and TOPAS)
show up to 10 times the sensitivity of silica fibre FBGs and the negative wavelength-
temperature response has been shown to compensate between strain and temperature,
minimising cross sensitivity issues [113]. It is important to note that there is no evidence
if the relative humidity kept constant during the experiments. In contrast as we will show
in chapter 4 for CYTOP-FBGs the response to temperature found to be 17.62 pm/°C
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which is positive and very similar to the glass fibres and as Liu et al. [114] report in their
work in 2002, where the fibre CYTOP slabs shown better thermal stability than the
PMMA.

However, due to the POF fabrication process, the polymer molecules align in the axial
direction, creating anisotropic material properties. Thus, birefringence appears in the
fibre cross-section when its mechanical properties are perturbed. It is also possible to
induce small cracks in the radial direction of the fibre, therefore, it is important to anneal
POFs before measurements to remove, or reduce, the effects of the internal stresses that
appear during the drawing process. This annealing process can be made before or after
the FBG inscription process, with little effect on the grating profile [63], [108], [115].

Finally, the hydrophilic nature of PMMA fibres requires that one must consider the
relative humidity in order to extract the correct POFBG temperature response. A standard
method to calibrate the sensor for temperature, whilst keeping the humidity constant, is

to use a climate chamber [63].
3.3.3  Water Absorption and Relative Humidity Sensing

As briefly discussed in the previous section, one interesting characteristic of the POFs is
their hydrophilic properties. | will first discuss PMMA polymers, as they are the most
often used for POF, and have the tendency to absorb water and this absorption results in
a shift of the Bragg grating resonance wavelength. This behaviour achieved based on two
mechanisms. The first relates to the grating pitch change due to the swelling of the
polymer through water intake, and the second relates to the change in refractive index
due to the increased water content [116]. Several experiments were performed comparing
the response of PMMA-FBGs and silica-FBGs with the samples mounted inside a
climate chamber operating at constant temperature, and the relative environmental
humidity was increased in controlled steps [63], [117]. The results reported
35.2 pm/%RH for the PMMA fibres, whereas for silica the change was only
0.28 pm/%RH. Furthermore, the humidity sensitivity of the POFBGs may vary from
sample to sample, since the core/cladding fibre diameter may vary, and the material of

the outer cladding will also control the amount and rate of water absorption.

In some cases, the humidity sensitivity of the POFs could be considered a disadvantage,

since the absorption usually causes cross-sensitivity issues with other parameters, such
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as temperature and strain. Other polymer fibres like TOPAS and CYTOP shows lower
water absorption behaviour similar to that of the silica fibres, and overcome these cross-
sensitivity issues [73], [118]. However, as we will discuss in detail in the next chapter, if
the fibre consisted by a hydrophilic surrounding jacket, this may influence the response
of the FBG even if the core is not absorbing water and as a result a significant humidity

response can be obtained with CYTOP fibres.
3.4  Conclusions

This chapter introduced polymer optical fibres, briefly describing the key materials used
for the manufacture of POFs, the usual designs and their optical and mechanical
characteristics. We also presented the most common FBG inscription methods in such
fibres and their potential compared to their glass counterparts when used as sensing
elements. For a better comparison between the POFs, their mechanical characteristics
and their sensing responses were summarised in Table 1; with blue highlighted domains
were exploited during the studies presented in this thesis and were not exploited before.

We note that POFs are fundamentally safer for bio-sensing applications and in vivo
measurements and in combination with their unique characteristics are highly promising
as sensing elements and filters. Nevertheless, at the time of writing there remain several
obstacles to the commercialisation of the devices. The many different procedures of the
polymers preparation make the full understanding of the photosensitivity mechanisms

difficult while the sensing responses in the literature are varying significantly.

As a commercial product, there is only one commercial supplier of single-mode POF,
the Paradigm Optics, with a supplier of mPOF, Kiriama Pty of Sydney Australia
(currently out of business). This explains the lack of single-mode POF components such
as couplers and pigtailed devices. Moreover, the studies limited only on PMMA and
more recently on TOPAS fibres since other POFs such as CYTOP, Zeonex, or
Polycarbonated polymers could probably improve the characteristics of polymers and
may fit better for certain applications but their absorption bands may be limiting the

development for FBG sensors.
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Table 1: Comparison between different polymer fibres with respect to the silica fibre.

PMMA TOPAS CYTOP Silica
(This work)
Young’s Modulus 1.8-3.1 2.6-3 14-16 73.1
(GPa)
Loss (1550 nm) ~100 x103 ~100 200 0.2
(dB/Km) x10°
FBG inscription Yes Yes Yes Yes
Strain (pm/pg) 15 15 1.43 1
Temperature -109 -78 17.62 10
(pm/°C)
Thermal Stability Low Low High High
Humidity High Low Low Low
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4 Inscription and Characterisation of
Fibre Bragg Gratings in CYTOP

This chapter presents the experimental details on the femtosecond laser inscription
method used to inscribe FBGs, chirped gratings, and Fabry-Perot cavities in a multimode
gradient index CYTOP polymer fibre. The direct-write, plane-by-plane (Pl-by-Pl)
inscription method offers unique flexibility and controllability of the spatial inscription
parameters compared to all other inscription methods, such as the phase mask and point-
by-point method when dealing with FBGs in multimode fibres. Specifically, was we
achieved the inscription of ‘single peak’ FBGs in a multimode fibre, which is not feasible
with the other methods. All optical devices were characterised and their sensitivity
response reported under different physical perturbations such as axial strain, relative

humidity, and temperature.

The work presented in this chapter was published in the IEEE Journal of Lightwave
Technology and the IEEE Photonics Technology Letters.

4.1 Introduction

We have identified that silica FBG sensors are widely used as point sensors in a variety
of applications, from the measurement of strain and temperature to more complicated
quasi-distributed sensing, such as vibration mode shape monitoring, ultrasonic detection,
and structural health monitoring. The applications typically require arrays of gratings
[119]-[123]. The low loss of silica fibres for the telecommunication window (1260 —
1650 nm) is ~0.2 dB/km. Therefore silica fibres are used exclusively when optical
sensors are required for measurements over moderate and long distances. Moreover, the
single mode behaviour of standard fibres is well understood and avoids some problems
that would otherwise be encountered if multimode fibres were used. For example, FBG
sensors in multimode optical fibre display multiple peak spectra, with overlapping Bragg
modes that exchange power due to spatial mode mixing in the fibre core as external fields
perturb the fiber. We have explored how the evolution of the POFs offers an alternative
to glass fibres, however the extremely high loss (~100 dB/m) encountered in the near

infrared is a problem, as is the lack of access to commercial, low loss, single mode
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polymer fibres. So far, all single mode POF has been developed in universities
undertaking research in this area and POF promises exceptional optical sensing
capabilities if the two aforementioned disadvantages can be overcome. Optical sensors
based on POFs can prove to be especially useful for medical applications, where the
insertion of plastic-based catheters into the human body is acceptable. Moreover, there
are many useful applications such as physical, chemical and bio-sensors that can be used
to measure temperature, pressure, glucose levels, and antibody biomolecules [124]—
[127]. The POF transmission loss is detrimental to the sensor performance, even for
short-range applications. All the currently commercialised and certified polymer optical
fibres are available only as step or gradient index multimode fibres; their development is
driven by the FTTH applications, where the large fibre core diameters allow for easy and
efficient coupling using low-cost connectors and sockets.

In general, the inscription of fibre Bragg gratings in multimode fibres results in the
excitation of a large number of higher order modes producing a multi-peak FBG
wavelength spectrum [15]. This effect is acceptable for some applications where low-
resolution measurements can be tolerated. However, the occurrence of randomly
overlapping Bragg modes causes problems for conventional optical fibre sensor
demodulation equipment, as peak tracking algorithms can no longer know which peak to
track. This issue is exacerbated if more than one multimode FBG is present, such as in a
sensor array. Hence there is a need to develop FBG sensors arrays in multimode POF
that can overcome these problems. We have already noted the low-loss benefits of
perfluorinated POF as the optical absorption is shifted to 7.7-10 pum, and is associated
primarily with C—C, C—F and C—O bonds; moreover, CYTOP exhibits low scattering loss
due to its highly amorphous nature. However, CYTOP does not currently have a
commercial single-mode fibre design. Nevertheless, we can use the low-loss advantages
of CYTOP and, through FBG inscription via a femtosecond laser inscription process,
address methods to control the multi-peak FBG reflection spectrum typical for

multimode fibres.

In this chapter, a gradient index CYTOP fibre was used consisted of a 62.5 um core
diameter, with a cladding layer of 20 um and an additional polyester and polycarbonate
outer jacket of 490 um to protect the fibre. We inscribe individual grating planes
transversely across the fibre core resulting in a modified, 2D refractive index sheet,

building the grating in a step-wise process and by doing so have full control of the index
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change and grating length. In this way, we can efficiently optimise the coupling between

the FBG and the lower order fibre modes.

4.2  Plane-by-Plane fs-laser Inscription Method for ‘Single Peak’
FBGs

4.2.1 Experimental Inscription Setup

The inscription setup utilised for the plane-by-plane method consisting a femtosecond
laser system (HighQ Laser femtoREGEN) operating at 517 nm, with 220 fs pulse
duration and an air-bearing translation stage system (Aerotech) for accurate two-axis
motion. The laser beam was focused from above using a long working distance
microscope objective (Mitutoyo, x50, NA 0.42) as shown in Fig. 13 and the focal length
was controlled using a third translation stage. The fibre samples were fixed carefully on
a glass slide and immersed in refractive index matching oil and covered with a thin cover
slip. This method is used to overcome any curvature effects that arise from the cylindrical
shape of the fibre acting as a lens. The laser pulses at the exit of the laser could be
controlled with an attenuator and energies could be varied from a few nJ to pJ/pulse,
whereas the repetition rate was set using a | pulse picker that could set the repetition rate
of the laser from 1-100 kHz. For the CYTOP inscriptions presented in this chapter, the
laser pulse energy was limited to 60nJ/pulse and the repetition rate to 2 kHz. All the
components of the system were synchronised using a personal computer, and the stages

were controlled using G-code programming that could be adapted to our requirements.
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Figure 13: Inscription setup for PI-by-PI femtosecond laser inscription method.

4.2.2 Working Principles of the Plane-by-Plane Inscription Method

The key advantage of this inscription method compared to the phase mask and the PbP
methods is the flexibility to control all the spatial inscription parameters of the gratings
such as period, spatial extent of the index change (width, depth, length), and modulation
of the refractive index. As shown in Fig.14 the fibre sample moved along the y-direction,
transverse to the core, creating three-dimensional sheets or planes of a modulated
refractive index with length (y-direction), depth (z-direction), and width (x-direction)
while the laser beam kept constant and focused in the centre of the fibre core. An external
shutter controlled when and where inscription occurred, in this case it was closed during
the diagonal stage movements. The length of the plane and the grating period were set
by the stage motion parameters, whereas the depth of the inscription is a variable of the

laser power, repetition rate and final focusing lens.
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Figure 14: Schematic diagram of the FBG inscription in fibre core using the Plane-by-Plane femtosecond
laser inscription method.

A series of inscriptions were performed by keeping the laser repetition rate constant at
10 kHz, and the pulse energy was changed. Following the inscription, the inscription
depth was measured using an optical microscope (Zeiss M1). As expected, the depth of
the inscription increased with increasing energy; Fig. 15(a) shows the linear relationship
between the depth of the inscription and the pulse energy.

Similarly, we kept the laser energy constant (56 nJ) and the inscription depth was
measured for different repetition rates (Fig. 15(b)). A linear increase of the inscription
depth was observed only for repetition rates exceeding 10 kHz, below this rate the depth

modification followed a logarithmic shape.
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Figure 15: Measured depth of the femtosecond laser inscribed plane in respect to a) Pulse energy vs depth,
and b) Repetition Rate vs depth.

4.3  Fibre Bragg Gratings in CYTOP Fibre

Given the flexibility of the PI-by-Pl method, we considered the contribution of the
inscription parameters to the excitation of the higher order spatial modes in the fibre core.
FBG inscriptions were performed having plane widths of 5 um, 15 pm, and 30 pm, and

located at the centre of the 62.5 pm diameter multimode gradient index fibre core, as
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shown in Fig. 16. The grating lengths were varied by inscribing 300, 500 and 1000
planes. We selected a plane-period of 2.2 um to ensure that the duty cycle of the grating
was optimum. The reflection spectrum for each case was measured and characterised
using a broadband light source (Thorlabs ASE730), a circulator and commercial FBG

demodulator with optical resolution ~169.5 pm (Fig. 17).

As the grating length increases the gratings become stronger with reduced bandwidth,
Fig. 17 (a-c), but increases the overlap integral between the grating structure and spatial
fibre modes resulting in the presence of more Bragg modes. To compare the strength of
the gratings in terms of recoverable reflectivity, we interrogated all the gratings with an
Ibsen spectrometer (I-MON 512, having a 169.5-pm optical resolution), while keeping
the capture integration time constant (10 ps). We observe that the multi-peak, grating
reflection spectra, are dependent on the width of the fs-laser inscribed planes and the
grating length, as anticipated. The gratings having a longer length and wider planes are
more multimode in behaviour; with the presence of short wavelength peaks for all grating
inscriptions that consisted of 1000 planes (2.2 mm in length), regardless of the plane
width, Fig. 17 (a). These multiple peak spectra are difficult to track using conventional
grating demodulators, as they can exchange power, resulting in apparent and sudden
wavelength shifts that are in fact inaccurate. If we compare the reflection spectra for the
shorter gratings, 500 and 300 planes (grating length 1.1 mm and 0.65 mm, respectively),
there is significantly less Bragg mode excitation, Fig. 17 (b, c); we observe the
appearance of a strong central mode and the suppression of other Bragg modes. In Fig. 18
the FBG having 300 planes with 5-um plane width is recovered with a high resolution
(10 pm) optical spectrum analyser (Advantest Q8384). Here we observe the cleanest
spectrum, with a Bragg peak that is readily tracked using the commercial demodulator.
The combination of the physical attributes of the grating with the fibre’s gradient index
profile works together to optimise the grating wavelength spectrum. Of course, there will
still be sensitivity to the launch conditions and the illumination of the grating, but in
general, the FBG spectrum is rarely buried in the noise, and a recoverable signal is always

possible. This will be acceptable for low resolution sensor measurements.

Another important optical property that needs to be considered for sensing applications
and communication systems is the birefringence, which could result from the asymmetry
of the fibre core, and any birefringence induced during the transverse inscription process

[128]-[130]. Using a linear polariser between the source and the FBG samples we
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controlled the input state of polarisation of the source and measured the transmitted
amplitude spectrum for different polarisation angles in the range 0°-360°. The
wavelength shift as a function of polarisation angle is presented in Fig. 19(a-f) for a
grating with 300 planes and 500 planes. The maximum wavelength shifts attributed to
the birefringence were 70 pm and 130 pm for 5 um plane width, 115 pm and 140 pm for
15 um plane width and 70 pm, and 320 pm for 30 um plane width, respectively. We note
that higher birefringence was obtained for longer grating length for the same plane width,
as expected. The results show that the best grating regarding grating strength, single peak
spectra, and birefringence compromise corresponded to a grating with a 15 pm plane
width, or less, across the fibre core; hence we consider that the optimum inscription
parameters for gratings correspond to 300 — 500 planes (~0.65 — 1.1 mm) with 15 um
plane width, or less.

<)

Figure 16: Microscope images of FBGs inscribed in low loss multimode gradient index CYTOP fibre
using the PI-by-PlI inscription method with planes having (a) 30 pum, at (b) 15 pm and at (¢) 5 um width,
across the centre of the core.
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Figure 17: FBG reflection spectra written in CYTOP multimode fibre for (a) 1000 planes having widths
of 30 um, 15 pm and 5 um; (b) 500 planes having widths of 30 pm, 15 um and 5 pm; (¢) 300 planes having
widths of 30 pm, 15 pm and 5 um. All spectra were recovered using a commercial spectrometer with 10

Us exposure time.

I5um 300 ;;Ianes ' ' ' '

Amplitude (linear scale a.u.)

o
1

1552 1554 1556 1558 1560 1562 1564 1566
Wavelength (nm)

Figure 18: FBG spectrum for 300 planes having 5 um width recovered using an OSA with 10-pm optical

resolution, confirming a single strong Bragg peak.
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Figure 19: Polarisation measurements (a. 5 um plane width and 660 um grating length, b. 5 pum plane
width and 1100 pum grating length, c. 15 pm plane width and 660 um grating length, d. 15 um plane width
and 1100 um grating length, e. 30 um plane width and 660 pum grating length, f. 30 um plane width and
1100 pum grating length).
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4.4  Thermal Response

The temperature response of an FBG may be expressed with the following equation,

A/‘{B = AB(“A + an)AT, (41)

where is a, the thermal expansion and «, thermo-optic coefficient. The thermal
expansion of the material affect the grating period, whereas the thermo-optic coefficient
affect the refractive index. There are a few reports on the thermal characteristics of the
CYTOP fibre, with the exception of reference [88], for a CYTOP strap embedded in
silicon or polymer substrates, where the substrate contribution overwhelmed the CYTOP
thermal measurement. The results confirmed a higher thermal stability compared to
FBGs in PMMA. In this section, we characterise the thermal response and measure the
thermal sensitivity of a ‘single-peak’ FBG inscribed in a CYTOP multimode gradient
index fibre. A single mode glass fibre (SMF28) was connected to the polymer sample
using UV glue and the POFBG placed inside a climate chamber (Memmert HCP). The
relative humidity of the chamber was set to 23%, and the temperature was linearly
increased from 36 °C up to 60 °C for 80 minutes and snapshots of the spectrum were
performed every minute. The temperature response of the FBG is shown in Fig. 20.
Figure 20(a) with the blue line is the temperature of the climate chamber as measured by
its temperature sensor and the black shows the CYTOP-FBG response. The sensitivity
was found to be 17.62 pm/°C, which is approximately double the temperature response
of the silica FBGs (10 pm/°C) [131]. Figure 20(b) shows the reflection spectrum of the
grating for different temperatures. Comparing the spectra in Fig.20(b), we observe an
amplitude decrease for increasing temperature; at 60 °C the grating almost disappears.
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Figure 20: Thermal response of the ‘single-peak’ FBG inscribed in a multimode gradient index CYTOP
fibre using the PI-by-Pl inscription method, a) The response of the grating as the temperature increases in
the climate chamber, b) Selected spectra at different chamber temperatures.

43



4.5 Strain Response

The following expressions give the FBG strain response,

AAAB (E) = (1 - pe)g' (4"2)
B
AL
E = L_O ) (43)

where ¢ is the strain, p, is the elasto-optic coefficient, L, is the initial length of the sample

and AL is the difference between the initial and strained sample length.

In order to observe the strain sensitivity of the particular CYTOP gratings, the samples
were fixed in two manual stages using epoxy glue, and the axial strain was applied in
steps of 700 pe up to 12600 pe. Increasing the applied strain enhances the presence of
side peaks (Fig.21(a)), as the grating now couples to higher order core modes. The strain
response of the CYTOP fibre was measured to be ~1.43 pm/ue at 1550 nm. It is important
to note that the maximum measured wavelength shift was ~18 nm at ~1.33% strain,

beyond which the grating signal was lost and return after the grating released.
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Figure 21: Reflection spectrum of the FBG inscribed in multimode gradient index CYTOP fibre with 300
planes, as measured by a commercial spectrometer and b) Wavelength shift of a CYTOP POFBG when
elongated to 1.3% of its total length.

4.6 Hydrostatic Pressure

A slightly different approach was made in order to measure the hydrostatic response of
the CYTOP POFBG (Fig 22(a).). The POFBG placed in a hydraulic system (MN151-
001, Think-Lands; Fig. 22(b)), in which the hydrostatic pressure P can be controlled from
0.1 MPa (atmospheric pressure) to 0.5 MPa, and the reflection spectrum of the POFBG
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was measured as shown in Fig 22(a).

The FBG-reflected spectra were measured around the dip before and after the pressure P
was abruptly (within 20 s) increased from 0.1 MPa (atmospheric) to 0.5 MPa, as shown
in Fig. 23. Although the linewidth of the dip was slightly reduced, the Bragg wavelength
shift was negligibly small. The pressure was subsequently maintained at 0.5 MPa, the
Bragg wavelength shifted as time proceeded (Fig. 24(a)). Figure 24(b) shows the
wavelength shift of the Bragg wavelength when remaining at 0.5 MPa for approximately
150 min. The Bragg wavelength increased with time and, approximately 150 min later
became almost constant. The total Bragg wavelength shift was approximately 0.5 nm.
The positive dependence of the Bragg wavelength on pressure was the same for other
POF types [132], [133] but the wavelength shift having a time constant of over several
tens of minutes was first observed in this measurement. Such a long time constant
appears to be caused by the structure of the PFGI-POF, which is composed of two
different polymer materials (CYTOP (core and cladding; pressure strength: 30 MPa) is
known to be mechanically much weaker than polycarbonate (over-cladding; pressure
strength: 86 MPa)). If consider that the Bragg wavelength dependence on pressure
without considering the time constant (i.e., when the Bragg wavelength is measured at
each pressure after waiting for a sufficiently long time for the signal to be constant) is
linear, the dependence coefficient is estimated to be ~1.3 nm/MPa (corresponding to
~860x10-%/MPa). This value is ~5.2 and ~13 times larger than those of the FBGs in an
SM-PMMA-POF [132] and MM-mPOF [133], respectively.
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Figure 22: a) Schematic diagram of the experimental setup for measuring the hydrostatic pressure of a
CYTOP POFBG in reflection and b) Hydraulic system MN151-001 by Think-Lands.
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Figure 24: (a) Temporal dependence of the FBG-reflected spectrum at 0.5 MPa. (b) Temporal dependence
of the Bragg wavelength at 0.5 MPa.

4.7 Humidity Response

One important parameter that must be taken into account when measuring different
physical parameters with POFBGs is the contribution of the relative environmental
humidity, which we characterise by placing the sample in a climate chamber to measure
the response whilst keeping the temperature constant at 30 °C. We measured the response
of the grating spectrum from 30% to 90% RH by programming the climate chamber to
change the RH percentage for one hour and then stabilise at intervals 55, 75, and 95%
for 5 hours to find the absorption time of the fibre. After 5 hours at 95%RH, the RH of
the chamber was programmed to decrease for 1 hour at the same intervals and remain for
6 hours. The grating period changed as a result of swelling of the polyester and
polycarbonate coating. The corresponding humidity sensitivity was measured to be ~37.6
pm/%RH as shown in the Fig. 25. From the results we observed that the absorption time

was ~2 hours while the diffuse time was found to be ~3 hours.
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Figure 25: Humidity response of a POFBG inscribed ina CYTOP fibre with a 62.5 pm core diameter and
490 pum outer polyester and polycarbonate jacket.

4.8 Chirped Gratings

For the inscription of chirped FBGs (CFBGs), the 15 pm width planes were chosen to
ensure a strong back-reflection, whilst also offering spectra similar to those with 5 pm
width plane. The CFBG consisted of 2000 periods with a total length of ~4.5 mm. The
grating period was increased in steps of 7.65 pm for each plane; this gives a period
difference between the initial and final wavelength of 44=0.0153 pum. The initial period
was ~2.3 um for a 4" order CFBG with a resonance wavelength centred at 1560 nm. The
reflected spectrum of the resultant chirped grating is shown in Fig. 26(a). The full-width
at half-maximum (FWHM) of the chirped grating is ~10 nm translated to ~2.22 nm/mm.
Using an optical vector analyser (OVA CTe Luna Technologies) with wavelength
resolution 1.25 pm and fast scanning rate (less than 1 second to analyse a range of a few
tens of nm) we obtained the group delay (GD) curves as computed from the Jones matrix
using the eigenanalysis [134], [135]. The GD of the chirped grating was measured to be
~40 ps, depicted in Fig. 26(b). In the transmitted amplitude spectrum, the transmission
depth was found at ~4 dB (~60% reflectivity) while some ripples up to 30% of the
maximum intensity were observed; this could be improved by increasing the period

number whilst also making the CFBG stronger.
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Figure 26: a) Chirped grating inscribed in a multimode CYTOP fibre measured using spectrometer
(IBSEN I-MON 512) with ~169-pm optical resolution and b) Group-delay curves of chirped gratings in
reflected spectra measured from both sides.

4.9 Fibre Fabry-Perot Cavities

The Fabry-Perot (FP) cavity was made by inscribing two identical 4™ order FBGs with a
grating length of ~660 um and planes of width15 um and the FBGs were physically
separated with a cavity length of 3 mm. The FP cavity illuminated with a broadband light
source (Thorlabs ASE730), and then through a circulator, the reflected amplitude
spectrum was recorded with an optical spectrum analyser (Advantest Q8384) with a 10
pm optical resolution, as shown in Fig. 27, 28 and 29. The total cavity length is given by
the summation of the gap between the FBGs and the effective length of the FBGs [136].
According to this, the Free Spectral Range (FSR) should be at ~245 pm for single mode
fibres. From the reflection spectrum we found 230-240 pm, any small difference may be
attributed to the higher order modes contribution that changes the value of the effective
length of the FBGs and the resolution of the OSA whereas the finesse of the cavity is 4
indicating a reflectivity of 65% for each FBG (Fig. 28(b) inserts).

The strain sensitivity of FP cavity was experimentally measured by mounting the sample
between two manual stages. We performed elongation steps of 629 pe up to 5040 pe, and
the FP strain sensitivity was measured to be ~1.35 pm/ue. The FP wavelength shift,
during the application of axial strain is shown in Fig. 27(a) and selected strained cavity

reflection spectra are shown in Fig. 27(b).

The FP was also placed in the climate chamber, and by keeping the humidity constant at
48%, we observed its response for temperatures between 40 and 60 °C with steps of

10°C, as shown in Fig. 28(a). The temperature response was found to be 26.4 pm/°C. It

48



is important to note that no FSR change was noted, as both FBGs respond in the same

manner to both strain and temperature excursions and thus only detuning of the cavity

wavelength and an intensity decrease is observed as the temperature is increased.
Figure 28(b) presents the reflection spectrum of the cavity for 40, 50, and 60 °C.

Finally, by keeping the temperature of the chamber constant, we increase the relative

humidity from 60% to 90% with steps of 10%. For each step, we keep the RH constant

for 2 hours. The FP wavelength shift with respect to humidity is shown Fig. 29(a) while
the reflection spectrum for 60% and 90% is shown in Fig. 29(b). The sensitivity of the
cavity for the humidity was found to be 22.18 pm/%RH.
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Figure 27: Stain response of a Fabry-Perot cavity inscribed in a multimode gradient index CYTOP fibre,
a) the wavelength shift of the cavity in respect to the axial strain, b) selected spectra for 0, 1890, and 5040
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fibre, a) the wavelength shift of the cavity in respect to the relative humidity changes, b) selected spectra
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4.10 Conclussion

This chapter summarises research to inscribe usable ‘single-peak’ fibre Bragg grating in
a multimode gradient index CYTOP POF to overcome the multiple peaks spectra and the
mode-mixing issues. Using the plane-by-plane femtosecond laser inscription method we
control the spatial parameters of the gratings to minimise the excitation of the higher
order modes and as a result minimise the multiple peak reflection spectra. The ‘single-
peak’ FBGs were characterised for strain, humidity, temperature, and pressure. The
corresponding sensitivities were found to be 1.43 pm/ue, 17.62 pm/°C, 37.6 pm/%RH,
and 1.3 nm/MPa for strain, temperature, humidity, and pressure, respectively. Regarding
birefringence, the single peak gratings showed less than 70 pm wavelength for a

polarisation angle range of 0 to 360 degrees.

Furthermore, developed FP, and chirped gratings for the first time in CYTOP and both
structures were characterised in reflection. The FP was calibrated for strain, temperature,
and humidity with sensitivities 1.35 pm/ue, 26.4 pm/°C, and 22.18 pm/%RH,
respectively. The chirped grating has a 10-nm reflection spectrum with only 4.5 mm

grating total length while its group delay was 40 ps.

This work has significance to both sensing and telecommunication applications, and the
results are very promising as CYTOP polymer fibre offers advantages over other polymer
fibres and it is the only certified POF for use in FTTH applications. This work paves the
way for the practical realisation of polymer optical fibre sensors and their implementation

in real-world applications.
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5 Applications Using Multiple POFBG
Arrays

This chapter presents the use of CYTOP POF sensors for several applications related to
mechanical, and civil engineering and in the medical field. To date, POF applications
with lengths exceeding several centimetres were not possible, due to the high material
losses. The evolution of CYTOP POFBGs shows that a practical route to
commercialisation exists, as we will in this section, where the POF length is no longer

limiting factor the development of POF-based sensors.

Briefly, the first section relates to the direct mode shape capture of a free-free metal
beam, when excited at its first resonance frequency, using a 6-m long multiple POFBG-
array. The second section shows the possibility of detecting damage (location and
degree) by measuring the vibration modes of carbon cantilever beam, when small
weights are added at different positions to its surface. In both cases we focus on the
recovery of time-dependent wavelength shifts of the POFBG-array.

The third and final section focusses on a medical application, for monitoring the foot
health condition and gait pattern whilst walking, and this is especially relevant for the
older citizens or sufferers of cerebral palsy. In this case the POFBG array is embedded
in a shoe-sole, and we dynamically measure the response of the gratings to the human

gait.
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5.1 Mode Shape Capturing a Free-Free Metal Beam

The experimental results for measuring the mode shape of a vibrating free-free metal
beam are presented. A 6-m long CYTOP POFBG array compared with that of a similar

FBG array inscribed in glass fibre.

The particular work was published in IEEE Journal of Lightwave Technology and in
IEEE Photonics Technology Letters and presented as oral presentation at the SPIE

Photonics Europe conference in April 2016.
5.1.1 Introduction

The FBG array directly measured the vibration response of a freely suspended metal
beam that was excited at the first resonance frequency. A freely suspended beam, or a
free-free system, is fundamentally different from a cantilever, as it is a suspended
structure with free-floating ends. The dynamics describe the body motion of the surface
of numerous vehicles, such as space- and aircraft, and the hull motion of ships [137],
[138]. Free-free surface vibrations lead to fluctuations that are uniform across the surface,
in contrast to cantilevers. In the latter case, a point sensor mounted close to the fixed end
would display greater sensitivity to lower frequencies, whereas the opposite would be
true for sensors far from the fixing point [119], [120]. An analysis of the free-free motion
will help clarify the behaviour of the beam under vibration.

5.1.2 Motion Analysis of a Free-Free System

The governing equation of motion of a free-free system is given by Newton’s second
law [139]-[141] :

Mi + Cx+Kx =F(t), (5.1

where F is the external force, and M, C, and K are represent the mass, attenuation and the
stiffness, respectively. For free vibration with no absorbing term (C=0) and (F(t)=0) the
equation is:

Mi+Kx=0, (52)

The free vibration (with associated natural frequencies) is described as follows,

x(t) = ge'?t,  (5.3)
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Taking the second derivative
(1) = R(iw)%e't = —xw?e@t, (5.4)
and substituting into Equation (5.2) we arrive at,
(—Mw?ze't) + (RKe'*t) =0, (5.5)
Re't (K —w?M) =0, (5.6)
The above equation is valid for all t, and simplifies,
(K—w?M)z =0, (5.7)

This is an eigenproblem with unknowns « andX, and has infinite solutions
(w1,X1), ..., (wn,Xn). The values w?..., w2 are the eigenvalues, the w4, ..., w,, are the natural

frequencies and x7, ..., X,, are the mode shapes or eigenvectors.

The eigenproblem solution is solved using linear algebra. Specifically, for the
homogeneous linear algebraic equation system (Equation (5.3)), with
unknownsxj, ..., X,, , @ hon-zero solution it means that the determinant of the unknown

coefficients should be zero,
det(K — w?M) =0, (5.8)

The above equation represents the characteristic equation to find the natural
frequencies wy, ..., w,,. To observe the mode shapes, we apply force to the bar, modifying
Equation (5.2) as follows,

Mi + Kx =F(t), (5.9)

The harmonic force F(t) applied to the bar is F(t) = asin(wt).
5.1.3 Mode Shape Computation Algorithm

To recover the mode shape, the following procedure was followed. The beam is excited
by a vibrational force given by F(t) = Asin(wt) with constant frequency () and peak
force (A). The mode shape is recovered at the resonance frequencies of the beam, and the
overall mode shape replicated along the length of the FBG array, as each grating acquires

a maximum strain value that relates to its position relative to the nodes and antinodes on
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the bar. Each grating is modulated with respect to time displaying a sine waveform for

which 44;(t) is given by,
A2;(t) = max([44;(g;, t) — median(42;(g;, 1))]) sin(wt), (5.10)

21(0) + max([424, (g, t) — median(44,(gy,1))]) sin(wt)

A1) = , (5.11)

2n(0) + max([42, (e, £) — n'ledian(A/ln (en,1))]) sin(wt)

where i=1,2,...n and depends on the number of the FBGs, 44;(¢, t) is the wavelength
variation as given by equation (5.10) with respect to time, and 4;(0) is the resonance
wavelength of each FBG when unperturbed. The median is preferred instead of the mean
because is less sensitive to outliers. To extract the mode shape at the given resonance
frequency one needs to normalize A; (t) whilst substituting the variable t of the equations
(5.10) and (5.11) to a constant value for all the wavelengths, t = T/4 is preferred; at that

time we extract the maximum wavelength variation (T = period of vibration),

A
Am)=|:| (512
Ay

where A;(n) is the discrete normalized value A;(t) for constant time t. The mode shape,

according to the surface displacement, is given by calculating the following sequence,

S(n) = Z Ty x(N—1D), (5.13)

where x(n) gives the real mounting position of each point sensor on the metal beam.

x(0)

x(N—-1)

x(n) =

], (5.14)

where N is the maximum number of the FBGs in the array.
5.1.4 Experimental Setup

We inscribed an FBG array, consisting of 6 gratings separated physically by 8 cm and
spectrally separated in the wavelength range from 1500-1600 nm, in a 6-metre length of

multimode gradient index CYTOP fibre. The grating separation of 8 cm was selected for
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two reasons, firstly to match the experimental set up for the vibrating beam, and secondly
as this distance matches or exceeds the maximum useable fibre length for PMMA POF
operating at 1550 nm. Figure 30 shows the FBG reflection spectrum for the array used
for this experiment as interrogated with the I-MON 512 (10 us integrated capture time).
The reflection of the six gratings were observed at 1529 nm, 1540 nm, 1548 nm, 1560
nm, 1571 nm, and 1580 nm with average full width at half maximum (FWHM)
bandwidth of 1.39 nm.

CYTOP - 6 meters length
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Figure 30: Reflection spectrum of the six-FBG array inscribed in multimode gradient index polymer
CYTOP fibre.

The interrogation method used to measure the vibration response of the metal beam
shown in Fig. 31, with the FBG array adhered to a steel beam (653 x 50 x 8 mm) using
polyimide (Kapton) tape. A broadband light source with an integrated circulator (DL-
BP1-1501A SLED) was used to illuminate the sensors that were monitored in reflection.
A frequency generator was connected to an exciter through an amplifier, so that the
resonance frequencies of the beam could be measured through the excitation of
mechanical oscillations, and the polymer and silica fibre sensor arrays were compared at
the first resonance frequency. The suspended beam was held with two thin-gauge nylon
fibres to minimise any effects on the vibration characteristics of the beam. The exciter
was placed at a point close to a node according to simulation results, thereby preventing
distortions of the mode shape. At the point where the metal beam deforms downwards,
the gratings undergo a wavelength blue shift (compression), whereas gratings undergoing
deformation upwards show a redshift (expansion). These wavelength variations, and
their associated displacements, lead to sinusoidal waveforms with respect to time for all
vibration frequencies. Note that all the measurements performed from the “long side” of

the fibre, where the distance between launch point and metal beam was ~6 m, showing
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the practicality of CYTOP POF.
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Figure 31: Experimental setup for the interrogation system.

According to the modal analysis based on the finite element analysis (FEA), the first
resonance frequency of the beam was 96 Hz, and the corresponding mode shape at that
frequency is shown in Fig. 32(a). We monitored the vibrating response of a single FBG
sensor, which according to the FEA was far from a node, and as a result no vibrational
frequency was missed. We applied the swept sine method to vary the drive frequency in
the range of 80 to 120 Hz and extracted the frequency response of the beam; the first
resonance frequency was measured to be 96 Hz, in excellent agreement with the FEA.
This showed that the support method of the beam, and the addition of the sensor array,
did not adversely impact the dynamic characteristics of the free-free beam (Fig. 32(b)).

The sine wave peak force was kept constant for all measurements.

We repeated the vibration measurements keeping the force amplitude as before but this
time using an FBG array written in a single mode silica fibre (SMF28). The reflection
responses of the seven gratings were observed at 1541 nm, 1548 nm, 1556 nm, 1563 nm,
1568 nm, 1569 nm and 1582 nm, as shown in Fig. 33. The silica FBG array was adhered

parallel to the polymer array and interrogated using the same scheme.
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Figure 32: (a) The first mode shape of the metal beam as was taken from finite element analysis, with a
calculated resonance frequency at ~96 Hz. (b) The frequency response of the beam using the polymer
CYTOP fibre, showing the peak amplitude response with a frequency at 96 Hz for the first mode.
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Figure 33: Reflection spectrum of the 7-FBG array in silica glass fibre.

The vibration response of the beam recovered for each FBG point sensor is shown in
Figs 34 and 35 for both arrays. In Fig. 34 we observe selected time-dependent
wavelength measurements for the POF (Fig. 34 (a, b)) and silica (Fig. 34 (c, d)) FBG
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arrays, respectively. In accordance with the mode shape shown in Fig. 33(a) the FBGs
placed close to the centre of the beam (anti-node position), 1551 nm and 1568 nm in
Fig. 34(a), displayed the largest amplitudes of ~60 pm and ~50 pm, respectively. In
contrast the lowest wavelength shift, ~35 pm and 20 pm, was recovered for the FBGs
1542 nm and 1580 nm (Fig. 34(b)) that were located away from the anti-node and
towards the nodes. On the other hand, the measurements using the silica array were at
least a factor of 6 lower as shown in Fig. 34(c, d). In particular, at points towards to the
nodes of the beam, where the fluctuations were significantly reduced, the silica array
showed an inability to recover the vibration response of the beam, leading to
measurements very close to the spectrometer noise floor. This resulted in reduced

accuracy and noisy measurements, as shown in Fig. 34(d) and in the subplot of Fig. 35.

In Fig. 35 we observe the composite response, where the red line is the response of the
polymer array and the blue line the response of silica. We clearly notice the bell shape of
the first mode shape as we expect from the FEA results, and the improved response of
the POF-based sensors. In Fig. 36 presented the mode shape of the beam for the particular

resonance frequency as measured using the response of the polymer array and the
equations described in section 5.1.3.
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Figure 34: Wavelength versus time for FBGs located at the same physical point on the beam, a) and b)
FBGs close to anti-nodes and nodes, respectively, for CYTOP POF, ¢) and d) FBGs close to anti-nodes
and nodes, respectively, for the silica fibre array.
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Figure 35: Comparative vibration snapshot of the time-depended wavelength response of the free-free
metal beam excited at 96 Hz as measured using a CYTOP and a silica FBG array and plotted according to

their position on the metal beam. The red line is the result of the CYTOP array and with the blue line are
the results of the silica array.
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Figure 36: First mode shape of the free-free metal beam as recovered based on the response the CYTOP
POF FBG array and the method described in section 5.1.3.

A CYTOP POF sensor array was successfully used to measure the vibration response of
a free-free metal beam. The response of the polymer sensor array was compared with
that of silica FBG sensor array and showed significant improvements in sensitivity; up
to 6-times greater. This shows that POF can perform very well in comparison with silica
fibres. This demonstrates the potential for realising practical FBG sensor arrays in
multimode POFs. The approach presented in this section is exceptionally flexible,
allowing for user selectable Bragg wavelengths, controlled grating strength, and spectral
profile. It offers a new and practical way of sensing with CYTOP POF that has yet to be
realised using other POF types.
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5.2 Carbon Cantilever Beam Health Inspection

In this section a quasi-distributed sensor for cantilever health inspection measurements
is used to recover the response of a carbon beam to study how the addition of masses at
different positions on the beam that is the rear rotor of a helicopter. We simulate damage
through the additional masses at different positions on the beam directly influencing the
vibrational behaviour. The polymer-based fibre Bragg gratings, offer accurate and rapid

detection of damage points on a structural beam.

This research was published in the IEEE Journal of Lightwave Technology and resulted
in an oral presentation at the POF Conference (September 2016) at Birmingham (UK).
Later developments were presented as a poster at the Optical Fibre Sensors (OFS-25)
Conference (April 2017) at Jeju Island (South Korea).

5.2.1 Introduction

The use of composite materials is on the increase in several industries, principally for
aviation, aerospace and marine applications. Carbon fibre composites are typically used
where high strength and light weight are paramount. However, composite rotor blades
are susceptible to the typical damage characteristics of any composite material such as
delamination effects, matrix cracking, and fibre breakage. This has an impact on various
properties of the composite rotor blade, affecting the rigidity, degree of deflection and
frequency of vibration. Considering this requirement we studied the behaviour of a
helicopter rear rotor blade, an essential stabilising component for helicopter flight. In
addition to rotating, the tail rotor blades also change pitch angle; counteracting airframe
torque with anti-torque tail rotor thrust. The tail rotor can fail if the rotor stops turning or
the pitch change mechanism stops functioning. It is vital to inspect the health condition
of key components such as air-blades, before, after, and during the flight, as failure
occurs on a short time scale. Current inspection and monitoring methods for hollow
aluminium air blades [142]-[145], are unsuitable for use with carbon fibre composites.
There are no proven methods to reasonably estimate and monitor the rotor health
condition when the helicopter is flying. The potential of fibre optic sensors for this type
of application is clear, given their small volume, light weight, and immunity to
electromagnetic interference, and having no significant influence on the structure under

test. Similar health monitoring inspection can be applied to applications such as
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spacecraft, wind turbines, and civil structures [146]-[148]. We utilized a custom POFBG
sensor array to study the behaviour and structural health of the carbon cantilever, by
monitoring the wavelength response with respect to the time. In order to mimic signs of
rotor damage we attached small weights to different locations on the cantilever beam,
from which the dynamic mode shapes of the beam were extracted. Furthermore, we
adjusted the degree of ‘damage’ by using different masses and distinguished between
them using the time-dependent wavelength response of the gratings [149]-[151]. Our
goal here was to observe the deviation from the normal response, e.g. the degree of

deflection.
5.2.2 Experimental Setup

The FBG array consisted of 4 gratings that were physically separated by 8 cm and the
fibre sample had a total length of 2 m. The FBGs were spectrally separated with small
variations in their periods and hence operating wavelengths of 1548 nm, 1561 nm,
1570 nm, and 1580 nm, and the optimised illumination of the grating array is shown in
Fig. 37. The carbon fibre blade from the rear rotor of a helicopter, of dimensions 36 cm
X 6 cm, was fixed to the edge of an optical table, with the FBG array mounted along the
beam length, (Fig. 38). During the experiment, the beam was gently pushed down and
released to excite the first vibration mode of the structure. The demodulator (Ibsen IMON
512HS) captured data at frequencies up to 35 kHz for an integration time of 10 ps; the
time response is shown in Fig. 39. We observe that the grating located at the fixed base
of the beam (position 1, Fig 39(a)) shows no measurable fluctuation, as expected,
whereas amplitude excursions increase as we move to the end of the beam (position 2—
4, Fig 39(b—d), respectively), and measure the FBG wavelength shifts according to their
physical position, extracting the vibrational beam shape directly.
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Figure 38: Experimental setup for the cantilever health monitoring system. A multiple FBG sensor array
was mounted on a helicopter rear rotor blade. The physical location of the FBGs on the beam is indicated

with the numbers 1-4.

Wavelength shift (nm)

gth shift (nm)

Wavelen
a
=}
1

1
-
(3]

&
(4]

1.5

1.0

0.5

0.0

T T

Position 1

-0.5 1

-1.0 1

42

45

48
Time (ms)

51

54

T

T T T

Position 3

42

45

48
Time (ms

51
)

Wavelength shift (nm)

a)

Wavelength shift (nm)

c)

1.5

1.0

0.5 -

0.0

-0.5

-1.0

Position 2

45

48
Time (ms)

51

54
b)

Position 4

42 45

48
Time (ms)

51

54
d)

Figure 39: Wavelength response of the polymer FBGs with respect to time for gratings located according
to Fig.38, (a) at the base of the beam position 1, (b) position 2, (c) position 3, (d) position 4.
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5.2.3 Results

We added weights along the length of the beam, close to the FBGs position, to mimic
“damage”, and compared their respective vibrational displacements with and without the
additional masses; all measurements were repeated four times. The normalised
vibrational shapes are shown in Fig. 40(a-e) for different time intervals while the
reference vibrational shape shown in Fig. 40(a) with no weight added to the beam. The
minimum fluctuation was noted when weights were added to position 1 (Fig. 40(b)) and
the maximum when weights were added to position 4 (Fig. 40(e)). Comparing Fig. 40(a-
e) we observe that significant information regarding the damage position is given by the
last point of the vibrational shape, which corresponds to the position of the 4" FBG; in
this particular case the maximum sensitivity is at the edge of the beam. It is well known
that as damage increases the resonance frequencies of the beam are shifted and this leads
to a change in the beam’s vibration response; now the contribution of the other FBGs
becomes important in identifying the damage position [152], [153]. For example, in our
case the FBG in position 2 experiences compression when that in position 4 experiences

expansion.

Another important factor for the health condition during the inspection procedure of the
beams is the level of damage. For this reason, we attempted to ascertain the level of
“damage”, repeating our measurements using different masses of, 0 g, 17 g, and 34 g.
The weights were fixed securely to position 2 of the beam and we tracked the grating
peak that was closest to that point (operating at 1561 nm). From the time-dependent
wavelength results shown in Fig. 41(a-c) for the three weights, we observe a gradual shift
off the fluctuation normal. The maximum peak-to-peak fluctuation for the first measured
period corresponded to a wavelength shift of 1 nm for 0 g, ~0.4 nm for 17 g and ~0.15
nm for 34 g. In Fig. 42 we observe the declining peak-to-peak fluctuation of the POF-
FBG when the mass of the weight is increased. It is important to note that, all the
measurements refer to the use of the same FBG, with the weights added to exactly the
same position in each case. We consider that useful outcomes were extracted regarding
the prediction of health condition of the beam. The position of the damage could be
detected by the fluctuation of mode shape, whereas the level of the damage could be
defined by the maximum peak-to-peak response of the FBG. Clearly a careful calibration

is required for each device under test, however, it is often most important to discern that

64



the response of the component has changed from its original behaviour, to be replaced

accordingly prior to component failure.

Normalized fluctuation

Normlized fluctuation

Position (cm)

1.00N‘ _.ht T T 1.00 — T
0.75 o welg 0.75 4 Position 1
0.50 | 08 | § 050 |
]
0.25 4 | 2 0.261 0.6256_
1 3
0.00 - 5 0.004
8
-0.25 - b = 0254 T
] E
-0.50 5 -0.50
| S i
-0.75 -0.75
'1 00 T T T T T T T T T T '1 -00 T T T T T T
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Position (cm) a) Position (cm) b)
1.00 — 1.00 T T T
Position 2 Position 3
0.75 0.75
J = 0.8742-
0.50 1 0.691 g 080
0.25- ] 2 025 ]
=]
0.00 4 " —a - 0.00-
— ©
-0.25- \\ 1 £ 0.5 1
E
-0.50 & -0.50
= J
-0.75 -0.75
A0 -1.00 v
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Position (cm) C) Position (cm) d)
1.00 T T T
Position 4
0.75 1.337
S 0.50- 1
&
5 0.25 | i
3
=
o 0.00-
8 _
= -0.25 -
£
S -0.50
= i
-0.75
-1.00 T T T T T T T T T T T
0 5 10 15 20 25 30

e)

Figure 40: Response of the cantilever with the addition of weights to the beam for (a) No added weight,
(b) weight at position 1, (c) at position 2, (d) at position 3, (e) at position 4.
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Figure 42: The peak-to-peak fluctuation of the FBG time-dependent response, as the mass of the weights
increasing.

5.2.4 Conclusion

The vibrational profile of the structure and the influence of the position of the damage
site was extracted by adding small weights to the beam. The results showed higher
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fluctuation when the weights placed close to the base of the cantilever, and the lower
variation when placed close to the edge of the beam compared with the response obtained
with no additional weights. Moreover, with different masses we adjusted the “damage”
to the beam and we observed the correlation between the magnitude of the fluctuation
and the added mass. The proposed method has the potential be employed for real-time
monitoring during flight. However, the goal was to show that low-loss CYTOP POFBGs
are feasible for such applications and not to present a refined health monitoring method
as the current technology is new and will require further refinement to ensure the long-

term accuracy and robustness of the method.

Finally, we consider that the gradual development of perfluorinated low-loss POFs
combined with FBG technology offers a realistic solution for the use of polymers fibres

in real-world industrial applications.
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5.3 Insole Measurements for Plantar Pressure Monitoring

In this section, we propose a fibre-optic sensors system based POFBGs to measure foot
plantar pressure. The plantar pressure signals are detected by five FBGs, in the same
piece of cyclic transparent optical polymer (CYTOP) fibre, which are embedded in a
cork insole for the dynamic monitoring of gait. The results using the POF showed a very
good response when compared with solutions using silica optical fibres, resulting in
sensitivity almost twice as high, with excellent repeatability and ease of handling. The
high fracture toughness of POF enables its application in monitoring patients with higher
body mass compared to similar systems based on silica fibre. POFs can withstand lower
curvature radius (5 mm) than silica fibres (10 mm) and provide the necessary resistance
to the system during the gait movement, in order to avoid damage or breakage, as can

easily happen using silica optical fibre.

This work was published in MDPI Sensors Journal and presented as an oral presentation
at the Biodevices Conference, January 2018 (Portugal). The work was accomplished in

collaboration with the Dr. Carlos Marques and his research group in Aveiro (Portugal).
5.3.1 Introduction

Their flexibility and non-brittle characteristics make POF sensors clinically acceptable
[154], and numerous applications of POF sensors related to human safety have been
proposed [155]. Moreover, applications that point towards the detection of motion
impairment experienced an aging population are increasingly important, as they lead to
increased health risks; there is a need for the close monitoring of elder citizens and
patients. Although the field of e-Health has shown progress, it still faces challenges,
which are generally related to the mobility compromise and lifestyle of the monitored
patients. In order to overcome these challenges, mobile health monitoring devices need
to provide low power consumption, size, and weight. Furthermore, high safety and
privacy are also desirable. Therefore, the development of efficient solutions for
healthcare sensor applications (regarding size, weight and energy consumption) is an
important research focus given the rapid technological advances in healthcare monitoring

equipment, microfabrication processes and wireless communication [156].

We have identified that of the key parameters monitored by researchers for biomedical

applications is foot plantar pressure [156], [157]. This parameter is an important indicator
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of the foot health condition and the gait pattern. Information regarding the condition of
the spinal cord or regarding the evolution of foot ulcerations (in case of patients with
diabetes) can be inferred from the plantar pressure distribution map. In the particular case
of diabetes, the patients tend to develop foot ulcerations, which can be detected by
high/abnormal forefoot plantar pressure [158]. Hence, accurate and controlled evaluation
of the plantar pressure is vital to reduce and eventually avoid the risk of such pathologies.
Additionally, by mapping the ground reaction forces or pressures during gait it is possible
to understand the effect induced in the body [156]; gait analysis is a systematic
examination of body locomotion that can be used in the evaluation of pre-treatment, for
surgical decisions and post-operative assessment of patients [156]. The human gait is
defined as the period of initial contact of the foot with the ground and lasts until the same
foot touches the ground again [159]. A gait cycle is generally divided into two main
phases: the stance and swing phases. The stance phase represents approximately 62% of
the gait cycle for a person without gait abnormalities and is related to the period that the
foot is in contact with the ground [160]. The stance phase starts with the initial contact
(IC), at which point the foot touches the ground, followed by the maximum weight
acceptance (MA), when the weight of the subject is on the heel region. Following this
there is a rotation of the foot with the ankle as a pivot, and when the whole foot is in
contact with the ground, the flat foot (FF) phase is reached. As the rotation continues,
the heel loses contact with the ground, corresponding to the heel off (HO) phase. Finally,
at the instant that the toe is off the ground, the toe off (TO) phase takes place and the
swing phase starts [160].

Conventional technologies for plantar pressure assessment are mainly based on
electronic or imaging devices. Several of the smart insole implementations, based on
piezoresistive sensors and wireless data communication modules, for walking gait
rehabilitation monitoring, have been reported [161], [162], offering high resolution data
acquisition, robust and wireless communication, real time processing, and low power
consumption [161]. Similar features are anticipated for FBG sensors, although
drawbacks, including fragility, long-term instability, inconsistency and excessive drift
are problematic [163]. Additionally, their output is restricted to a small sensing area

requiring the use of more sensors to monitor larger areas [163].

In order to overcome the limitations of conventional technologies, many scientific papers

have been published reporting plantar pressure distribution monitoring techniques, and
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even though optical fibre sensing technology had already been used to monitor static
plantar pressure values [164]-[166], the application of FBGs is rarely addressed [156],
[163]. To date, there is only a single report on the dynamic, continuous measurements
during gait motion and that was based on silica optical fibre technology [167].

5.3.2 POFBG Array Characterisation when Embedded into the Cork-Insole

The key areas of the foot for plantar pressure monitoring are presented in Fig. 43(a),
namely heel, midfoot, metatarsal and toe areas [156], [157], [168]. Five POFBGs sensors
are distributed within these areas, embedded in the cork insole with 10 mm thickness.
Although cork can display characteristics of plastic behaviour following long periods of
use, it has several advantages such as thermal isolation, malleability and low Poison ratio
(near zero) [169]. The latter prevents the crosstalk between sensors, since the insole will
isolate the five pressure sensing points. Furthermore, the low Poisson ratio can diminish
the effects of shear stress during the gait on the plantar pressure assessment. The
malleability property of the cork enables its application in different types of shoes and
the thermal isolation reduces the influence of the body temperature on the sensors
response when compared to a gait cycle that generally takes about 1 second to occur
[167]. Considering the load pressure applied in the gait movement, the POFBGs were
encapsulated in epoxy resin (Liquid Lens™) cylindrical structures (1 cm diameter and
0.5 cm height). Each sensing element consists of a cylindrical epoxy structure with the
POFBG at the middle. The epoxy structure is mainly under axial strain when force is
applied and strain is transmitted to the embedded-FBG leading to a wavelength shift
proportional to the applied force. To compensate for any temperature change, an FBG
temperature sensor [155] was incorporated in the insole, so that the thermal isolation
provided by the cork is ensured, minimising body temperature effects or external
temperature changes. Figure 43(b) shows a diagram of each sensor position on the cork
insole. Figs. 43(c) and (d) show a photograph of the POFBGs array embedded in the
cork insole and a zoom of a POFBG in its sensing position.

The POFBG sensors were inscribed as shown in Fig. 35(a) and spectrally separated in
the range 1535 nm to 1580 nm. The reflection spectrum of the POFBG array following
fs inscription is shown in Fig. 35(b). The spectral full width at half maximum for each

grating is between 0.6 and 1.0 nm.
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Figure 43: Schematic representation of: (a) foot plantar area designation and sensing points distribution
and (b) POFBG-embedded cork insole. (c) Photograph of the POFBGs array embedded in the cork insole.
(d) A zoom-in image of one sensing element.
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Figure 44: (a) Schematic demonstration of the physical distances between FBGs in the CYTOP fibre. (b)

Reflected optical spectrum of the five-FBG array inscribed in 120 pm core diameter, multimode, gradient

index CYTORP fibre.
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For calibration and plantar pressure monitoring, the POFBG-array was interrogated in
reflection using a fixed platform monitoring system as shown in Fig. 45(a). To guarantee
a stable fibre connection and monitoring of the POFBG array, the polymer fibre was UV-
glued with a silica multimode gradient index fibre for easier coupling and then spliced to
a silica single mode fibre to be compatible with our interrogation system. The array of 5
FBG sensing elements were calibrated to different pressure loads ranging from 10 to
1500 kPa with 100 kPa steps as shown in Fig. 45(b). The load sets were applied
independently in each sensing point (from POFBG 1 to POFBG 5), using a probe with a
diameter of 10 mm. During each load set, the FBG wavelength shift was acquired and
compared with the ratio between the applied force of the testing machine and the cross-
sectional area of the epoxy resin cylinder. Table 2 summarizes the pressure and
temperature sensitivity coefficients for all POFBGs of the array after embedding in the
cork-insole and the RMSE of the POFBGs is compared with the load cell of the force

platform.

A comparison with the silica FBG-based insole [167] indicates that the proposed POFBG
insole presents higher sensitivity, whereas the RMSE for each grating is found to be less

than 4% over four circles.

Table 2: Pressure and temperature sensitivities obtained for the 5 POFBGs.

FBG Pressure Sensitivity Temperature RMSE
(pm/kPa) Sensitivity (pm/°C) (kPa)

1 8.31+0.20 18.4+0.42 36.59
2 7.99+0.28 18.2+0.47 54.47

3 8.51+0.23 18.9+0.41 42.76
4 7.71+0.31 18.5+0.49 62.81
5 8.20+0.15 18.1+0.45 29.22
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Figure 45: a) Schematic representation of the monitoring system. b) Photograph of the pressure testing
platform with the cork insole.

5.3.3 Force Platform of the Insole POFBG Plantar Pressure Sensor Network

The pressure induced in the sensing elements during a normal gait movement was
analysed with the cork insole fixed on the ground, as showed in Fig. 46(a), and four gait
cycles was recorded for each sensor. The feedback of the platform to the displacement

of the body centre of mass (BCM) was evaluated using a 55-kg a female subject.
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Figure 46: (a) Schematic diagram of the protocol implemented for the gait analysis using the fixed
platform. (b) Pressure obtained during the four steps for the 5 POFBGs, where the periods of stance phase
(short dashed lines and star symbols) can be observed. IC: initial contact; FF: flat foot; HO: heel off and
TO: toe off.

In Fig. 46(b), it is possible to verify that the sensing network response is similar for the
four passages, suggesting that the human motion limits the repeatability of the sensors’
response. Furthermore, it is possible to confirm the activation time for each sensor, which
is related to the stance phase of the gait cycle. POFBG 5, located at the heel region, shows
a pressure increase at the start of the cycle (IC phase), and POFBG 4, 3, 2 and 1 are
sequentially activated as the TO phase approaches. The dashed lines of the last cycle
presented in Fig. 46(b) represent the activation of each POFBG. The slight differences
of each POFBG sensor for each passage are directly related to the differences of foot

positioning on the platform during the tests.

The second static test correspond to the body centre of mass displacements both in the
body frontal plane, by moving it forward and backwards, and in the sagittal plane, with
the subject moving the torso from the left to the right and vice-versa. For that purpose,
the subject stand on the sensing platform, with one foot on the sensing area and the other
levelled in the same horizontal plane, to execute a series of BCM movements (with about
3 seconds duration each). Fig. 47 presents the protocol for the BCM displacement tests.
The test starts with the subject standing still at the centre position (C), the next step is

moving the BCM to the front on the frontal plane to achieve the anterior (A) position,
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then back to the centre (C) and then moves to the posterior (P) position. The movement
on the frontal plane finishes at the centre (C). The sagittal displacement is executed with
the same procedure, however in this case, the BCM is moved to the left (L) and right (R),
instead of to the anterior (A) and posterior (P) positions.

© (A) ®) ®) @®

Figure 47: a) Schematic diagram of the protocol implemented for the analysis of the BCM displacement
and descriptive pressure increasing on the platform (the subject remained in each position for 3 seconds -
the areas with increased pressure are coloured in red).

During the protocol implementation, the Bragg wavelength shift induced in the sensing
network was acquired and the correspondent pressures were calculated. Figure 48

presents the response of each sensor, during the different moments of the performed tests.

For the tests on the frontal plane, an increase of the pressures registered by the sensors
positioned in the metatarsal and toe areas is evident in the anterior movement, while the
sensor placed in the heel section indicates a decrease of the pressure. On the other hand,
during the posterior displacement of the BCM, the pressure at heel area is more
accentuated, while the pressure values at the toe and metatarsal areas decrease. Regarding
the centred position of BCM (C), the areas that are most often actuated in the platform
are the metatarsal and midfoot areas, indicating that those zones experience greater
ground pressure when sustaining the subject’s body weight whilst standing. It should be
also noted that there was a small increase of pressure on the toe and heel regions. During
the frontal tests, the behaviour of the 5 POFBGs sensors are as anticipated, since the
anterior and the posterior movements activate the heel and toe areas, represented by
POFBGs 5 and 1, respectively. However, for body balance reasons, it is not possible to
activate only the heel and toe regions, and therefore the sensors on the metatarsal and
midfoot regions are also activated, namely POFBGs 2, 3 and 4, especially on the anterior
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movement, where the subject presents more difficulty to maintain her balance during the
3 seconds of the test. Furthermore, the sensors of the metatarsal and midfoot regions are
more distant to the sensor on the heel region when compared to the distance of these
sensors to the one at the toe region. For this reason, there is a higher isolation of the
posterior movement, which explains the lack of increase on the pressure by POFBGs 2,

3 and 4 when the posterior position is taken.
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Figure 48: Representation of the pressures detected during the BCM displacements (the pressure on each
foot location is coloured to red in the scheme).

Regarding the sagittal plane displacements, the sensors located at the extremities of the
platform (FBG 2, FBG 3 and FBG 4) should be the ones presenting a higher variation of
the pressure. In fact, it is noticeable that during such movements the sensor placed in
position 2 records the increase of pressure, when the BCM is displaced to the left, while
the sensors placed in positions 3 and even 4 shows a similar behaviour when the BCM is
moved to the right. There is also a lower activation of the sensor at position 1 (toe region)
and at position 5 (heel region) due to the characteristic of the BCM displacement, which
happens on the whole left and right regions of the foot. The results obtained on both
sagittal and frontal plane movements show that the proposed sensor system is able to
track the BCM movement on both planes with results similar to the results of reference
[167].

5.3.4 In-Shoe Application

From the promising results of the cork insole positioned as a fixed platform during the

performed tests, it becomes evident that the method implemented is an adequate solution

76



for pressure monitoring during gait. Moreover, from the analysis of the pressures
registered during the stance phase, it is also possible to infer and monitor the plantar
pressures of individuals [166]. In order to perform a dynamic and autonomous pressure
monitoring during gait, the insole having the five-FBG sensor network was adapted to a
shoe, similar to the one developed in [167]. The foot plantar pressure fluctuation during
gait is also induced in the instrumented cork sole. Such pressure oscillations resulted in
shifts in the reflected Bragg wavelength, and these changes were monitored in the same
way as in the previous tests.

After converting the acquired wavelength shift, considering the sensitivity coefficient
previously obtained (see Fig. 45), the plantar pressure distribution induced in the cork
sole over the gait movement was applied for the 5 POFBGs during 4 gait cycles, as shown
in Fig. 49. From the results obtained with the proposed insole sensor network, the
repeatability of the data becomes clear, given the similar response of the sensors over the
four gait cycles depicted in Fig. 49. Also, it is possible to detect the sequence in which
the sensors are activated (maximum amplitude registered), which was also in accordance

to what is expected in a gait movement [156], [167].

The POFBG 5 is activated first, at the beginning of the stance phase of the gait cycle,
when the heel starts its contact with the floor. With the evolution of the cycle, POFBG 4
(located at the middle-foot and beginning of the metatarsal) is reasonably activated at the
start of foot-flat stage during the single support. Following the gait movement, POFBG
2 and POFBG 3, located at the metatarsal positions, present a response at the forefoot
contact during the middle of the stance phase. Finally, POFBG 1, located at the toe area,
Is activated at the toe-off moment, marking the end of the stance phase and the beginning
of the swing phase of the gait cycle. The plantar pressure typical curve for the gait
movement can be obtained by the addition of the 5 sensors’ feedback. The curve obtained
represents the vertical ground reaction forces on the stance phase of the gait. On the
swing phase, the foot loses contact with the ground the response of each POFBG is near
to zero. Figure 49 presents the ground reaction forces obtained with the sum of the five
POFBGs showing a RMSE of 160 kPa between the four cycles, which represents an error
of only 5% when compared with the average of the sum from the five POFBGs, over
four cycles. The description of the dynamic measurements was made to show that the
proposed system is capable of detecting the subdivisions of the stance phase discussed

on the introduction to this paper, which can aid on the detection of gait-related
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pathologies. In addition, the detection of the gait phases can be applied on the controllers

of wearable robots for gait assistance [170].
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Figure 49: Pressures registered in the cork insole-sensing network for four gait cycles.

The temperature control sensor, the POFBG located in the cork insole, remains constant
at 22 + 0.2°C (after the sensor is properly calibrated), validating the thermal isolation of
the cork used for the instrumented sole production.

Finally, any limitations for the maximum allowable velocity that the system is capable
of measuring are related to the material response and acquisition frequency of the
interrogator. The epoxy resin was tested in frequencies higher than 1 kHz. Since the
sampling frequency of 200 Hz is sufficient for acquiring the gait activities, the proposed
system is able to cover the velocities employed on human gait. In addition, based on
simple stress-strain relations, the proposed sensor system can, in principle, measure the
plantar pressure of subjects with body mass higher than 200 kg and according to the
calibration results the detection of weights lower than 1 kg is capable.

5.3.5 Conclusion

In conclusion, with the presented architecture, a framework for monitoring the health
conditions of citizens and provide automated visual feedback using different state of the
art technologies (advanced optical fibre sensors technology, secured energy-efficient
wireless broadband access systems, smart actuators, among others) can be developed.
The results, using the CYTOP fibre, showed a good response when compared with

previously reported solutions using silica optical fibres, almost four times higher than the
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one obtained for the same application with silica FBGs and good repeatability. A RMSE
of 160 kPa was estimated comparing each gait cycle to show the sensor system
repeatability. Whereas, the mean RMSE of 45.17 kPa that represents a relative error
below 4% is obtained for each POFBG when compared on the reference measurement
system of the testing machine, taking advantage of the polymer optical fibre benefits
(high flexibility for instance), demonstrates that this is a viable solution for this kind of
application. Such higher sensitivity leads to a higher wavelength shift of the POFBGs
with the same pressure variation when compared with FBGs in silica fibres, which enable
the application of low cost interrogators with lower wavelength measurement resolution
(about 5 pm) than its higher cost counterparts (about 0.1 pm). Furthermore, POFs present
higher fracture toughness and higher strain limits than SOF, which can enable its

application for measuring the plantar pressure of individuals with higher body mass.
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6 Femtosecond Laser Processing of Glass
and Soft Glass Fibres

6.1 Study of FBG Inscribed in SMF28 Fibre Using the Pl-by-PlI

Femtosecond-Laser Inscription Method

The aim of this work is to study how modifying the inscription parameters (pulse energy
and duration, repetition rate, and the translation speed) influence the degree of refractive
index modulation for FBGs in a silica glass fibre (SMF28 by Corning); the Pl-b-PI
femtosecond laser inscription method is used throughout. Our inscription system consists
of a femtosecond laser system (HighQ femtoREGEN) operating at 517 nm with 220 fs
pulse duration and a nanometre accuracy air-bearing translation stage (Aerotech),
controlled with a personal computer using G-code scripts. The repetition rate of the laser

may be regulated using a pulse picker, operating from 1-100 kHz.
6.1.1 Introduction

Refractive index modifications induced using femtosecond lasers depend on the
material’s energy bandgap and the photon energy. The laser wavelength defines whether
we have high energy or high-density photon deposition. We must also consider the laser
pulse duration and repetition rate; all aforementioned factors impact how the material
responds to the deposited laser energy, either separately or with relative contributions.
High energy photons lead to intense linear absorption, whereas if the material is highly
transmissive (non-absorbing) it can still absorb energy at the laser focus if the pulse
duration is short — through non-linear, multi-photon absorption. The pulse duration
affects whether the material experiences a local heat affected zone and collateral damage,
such as fissures and cracks. The laser repetition rate impacts large scale material thermal
loading (this is similar to material annealing). If the repetition rate is faster than the
electron diffusion time then the material will be thermally loaded by successive pulses,
often leading to less confined index changes. The electron diffusion time in glass is ~1 ps,
therefore if the laser repletion rate is close to or beyond 1 MHz, a large-scale heat affected
zone will lead to smoothing of the induced index changes [171]; this is a “hot” process.

Conversely, a lower repetition rate is considered a “cold” process, with any heating

80



occurring only at the laser focus on a time scale concomitant with the pulse duration. We
need to ask how this information impacts our inscription processes, where the laser
operates at 517 nm (suggesting a few-photon process in glass), 220-fs pulse duration
(well below electron recombination effects and thermal diffusion), up to 100-kHz
repetition rate (no expectation of thermal loading, our process is “cold”). Of course, we
also need to consider the laser focussing (the numerical aperture of the lens affects the
scale and depth of the index change) and dosage; from a practical perspective related to
Pl-by-Pl FBG inscription, the number of laser pulses/um is a useful normalisation. The
threshold for a single pulse will differ for multiple pulses/um, as the material is no longer
pristine for every subsequent pulse; eventually the index change will saturate for a given
number of pulses/um. We performed a series of FBG inscriptions where the selected
variables were precisely controlled, such as the translation stage speed (nm/s resolution),
the repetition rate (software controlled), and pulse energy (controlled to nJ level),
whereas the wavelength of the laser (517 nm), the pulse duration (220 fs), and the focal
lens of system (Mitutoyo x50, NA 0.42) remained unchanged. By carefully modifying
the parameters we aimed to study the optimum inscription parameters for FBGs in silica
fibre, such as commercial SMF-28 fibre manufactured by Corning. For better
comparison, all the gratings were inscribed keeping the same grating length (L) and
characterised in transmission (and reflection where necessary). The results are
quantitatively presented regarding to the refractive index change (6,,), the effective

refractive index (n.sr), and the coupling constant (k).

In general optical fibres are suspended between two fibre clamps in order to position the
core relative to the laser beam, prior to any form of laser inscription. However, this can
lead to unwanted strain and the clamps can induce birefringence. We instead fix the fibres
to a glass slide; this can them be mounted on to the air-bearing translation stage. To
overcome curvature effects resulting from the fibre’s cylindrical shape, the fibres were

immersed in refractive index matching oil and covered using with thin coverslip.

According to the specifications of the lens and for the operating wavelength (4 =517 nm)

of our system, the focal spot size as calculated using the equation below,

o 4rf
Spot size diameter (W,) = " (6.1)

where f is the focal length, D = 2. NA. f is the pupil diameter and NA = 0.42 is the

numerical aperture of the particular lens and found to be ~0.878 um. The lens is a
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complicated, compound objective, and so the spot size is approximate. An observation,
regarding the spot size; it has been shown that femtosecond lasers can beat the diffraction
limit producing sub-wavelength features/holes (~20-nm diameter, laser wavelength 800
nm), however this holds true for a single laser pulse. Once there is a collection of pulses
that inscribe a line, then the feature size is far larger and is on the same scale as the laser

wavelength.

With the PI-by-PI inscription method, the laser beam moves transversely to the fibre core
in a fully controlled three-dimensional motion (as discussed in Chapter 4). The minimum
width of the plane is dependent on the beam spot size (~0.8 wm) whereas the depth and
the length of the plane are controlled by the system parameters. When we compare this
with the PbP method, we note that the PI-by-Pl inscription method relaxes the need for
perfect alignment; whilst at the same time maintains the flexibility offered regarding the
grating period. PbP inscription demands an alignment of better than 1-pum offset from the
fibre axis on two axes (x and y), this equates to better than 1 part in 10,000 on the two
axes, and the likelihood of inscribing two identical gratings is low. PI-by-PlI inscription
can be monitored in real time and the grating inscription is stopped when the desired
grating spectrum is achieved; the inscription characteristics can be fully selected by the
system parameters. The PI-by-Pl inscription time is longer (up to tens of minutes), but

the fibre alignment takes a couple of minutes.
6.1.2 Uniform Fibre Bragg Gratings

SMF-28 has core and cladding diameter 8.2 um, and 125 pm, respectively, while the
refractive index of the core and cladding is 1.44681 and 1.445205 at 1550 nm,
respectively. Based on previous studies, the energy gap for the photo-excitation for the
particular Ge-doped glass is between 7.1 eV and 7.8 eV; for a femtosecond laser

operating at 517 nm this implies three-photon absorption [15], [172].

In order to quantify our experimental results all, the data is normalised to the number of
pulses per um. By doing this we overcome trade-offs between repetition rates and
inscription speeds. Moreover, for all inscriptions, the gratings were spatially limited to
the core region to avoid, or at least to minimize, additional errors and losses to the grating
spectrum; we kept the total grating period number constant. It is important to note that

all the gratings were characterised in transmission using a broadband light source
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(Thorlabs ASE730) and an optical spectrum analyser (Advantest Q8384) with optical a

10-pm resolution.

We begin our experiments by inscribing gratings for different pulses/um to identify the
most appropriate dosage for FBG inscription in the particular fibre; the pulse energy was
kept constant at ~100 nJ. We inscribed equal length gratings with 50, 67, 80, 100, 140,
and 200 pulses per um and Fig. 50 present the transmission depth for each grating. This
shows that the grating with the highest transmission depth is measured for 80 pulses/um
(for the particular fibre under test). As the pulse number increases we observe signs of

material saturation, the notch depth has decreased to ~5 dB.
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Figure 50: The transmission depth with respect to the number of pulses/um, for gratings inscribed with
the same pulse energy (100 nJ).
The other parameter that will impact the strength of the gratings is the pulse energy; the
number of pulses is kept at 80 pulses/um and a series of inscriptions with different pulse
energies are undertaken (85 to 155 nJ/pulse). For pulse energies below the 85 nJ, it was

not possible to locate the grating in either the transmission or reflection spectra.

Figure 51(a) shows the refractive index modulation of the core with respect to the pulse
energy with ~85 nJ the threshold pulse energy for the particular fibre, whereas the ideal
energy is close to ~137 nJ, after which the transmission depth is reduced. This decrease
in the transmission depth may be explained by the creation of a negative refractive index
change. More specifically, due to the high pulse energy, micro-voids are created as a
result the effective refractive index drops. A comparison between a uniform inscription
and one with no signs of optical breakdown is presented in Fig. 52. Similarly, in
Fig. 51(b), the threshold step at ~96 nJ is observed, while the grating inscribed with 137
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nJ pulse energy had the highest transmission depth ~19 dB, which corresponds to ~99%

reflectivity; at the higher energies the grating strength decreases.

In contrast, the DC refractive index modulation shown in Fig. 51(c), follows a different
behaviour. A positive change is noted up to ~109 nJ and after that follows a negative
slope changes up to 136 nJ. After that, for pulse energy 155 nJ, the DC change has a
positive slope again. The negative slope may be explained by the micro-voids (Rl = ~1)
created in the centre of the inscription which drops the DC effective index value. At the
same time the material accumulated around the micro-voids, as a result for pulse energies
above 136 nJ, the diameter of micro-voids increases ‘enough’, hence the refractive index
value of the accumulated material reaches much higher values leading to a positive
change again. On the other hand, the accumulated material at energies >136 nJ covers a
spatially larger area with the result of period overlapping which explains the transmission
depth drop shown in Fig. 51(b).
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Figure 51: a) The refractive index modulation (AC), b) the transmission depth of the gratings, with respect

to the pulse energy and c) the effective refractive index modulation (DC).
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Figure 52: Microscope images for comparison between inscriptions with a) ‘normal” and b) high pulse
energies prior to the onset of optical breakdown.
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Figure 53: a) Transmission spectrum of a 4" order fibre Bragg grating inscribed in SMF28 fibre without
removal of the fibre jacket and showing the presence of radiation modes, and b) FBG array inscribed
‘blind” in SMF28 using the Pl-by-Pl femtosecond laser inscription method for a uniform grating.
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Figure 54: a) Fibre Bragg grating growth in reflection as measured during the inscription process, b) The
final reflection spectrum of the FBG.
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Figure 53(a) shows the transmission spectrum of a 4" order FBG, and Fig. 53(b) the
reflection spectrum of a multiple-FBG array, as recovered using a broadband light
source, and a commercial FBG spectrometer. The FBG array consisted by eight FBGs
physically separated by 8 centimetres and spectrally in the range of 1500-1600 nm. The
total length of the gratings was ~2 mm and the average FWHM is ~0.5 nm. The reflection
responses of eight gratings were observed at 1534 nm, 1541 nm, 1548 nm, 1556 nm,
1563 nm, 1568 nm, 1569 nm and 1582 nm. All gratings were written “blind” without
active monitoring in order to show the capability of the PI-by-PI inscription method and
Fig. 54(a)&(b) shown the grating growth and the final reflection spectrum of a 3.2 mm

long grating, respectively.
6.1.3 Higher Order Uniform Fibre Bragg Gratings

The PI-by-Pl inscription method has a flexibility advantage compared to other inscription
methods; to the grating period is readily modified and one can inscribe gratings at
different wavelengths and different orders. It is noted that higher order gratings can be
produced as the index profile is top hat (rectangular profile, Fig. 55), and so the grating
transmission spectrum has many peaks, all located at higher orders of the original Bragg
wavelength. We inscribe gratings with a constant number of periods but with different
grating orders. In this way, we expect to study how the duty cycle of the gratings
influences the transmission spectrum and in particular coupling to the fibre cladding
modes associated with of the gratings.

The resulting spectra obtained and presented in Fig. 56, showing a correlation between
the grating order and the cladding mode strength; we inscribe 4", 8" and 16" order
gratings. We observe that as the order of the grating is increases, the cladding mode
coupling is reduced (Fig. 57(a)). For the 4" order grating the cladding mode has a
transmission depth of -4.5 dB, decreased to -3.216 dB and -1 dB for the 8" and 16" order
respectively. The corresponding duty cycle is ~40%, ~20% and ~10% for 4, 8, and 16"

order gratings, respectively.

In addition to the cladding modes, important grating characteristics such as bandwidth
and strength also change with the grating order. The full width at half maximum
(FWHM) bandwidth was 1.104 nm for the 4" grating, 0.434 nm for the 8" order, and
0.281 nm for the 16" order as shown in Fig. 57(b), while the grating strength also

increased. Theoretically, as referred to Erdogan’s work [13], both grating characteristics
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are dependent on the grating length. In our case, the number of periods is the same for
all gratings; hence the final total length of the 16" order grating was approximately eight
times longer than the 4™ order. The FWHM bandwidth of an FBG is evaluated as follows
[173],
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Figure 55: Top hat refractive index change profile for uniform Bragg gratings using the Pl-by-PlI
femtosecond laser inscription method.

o
S i
]
©
3
s
a o~ i
g -6 4th order -
. 500 planes / /16th order -
=1 500 planes -
8th order - :
-8 4 500 planes
-9

1520 1540 1560 1580 1600
Wavelength (nm)

Figure 56: Transmission spectra of 4th, 8th, and 16th order FBGs, to correlating the cladding mode with
the duty cycle of the gratings.
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Figure 57: Comparison between 4", 8" and 16" order gratings’ transmission spectra. a) The strength of
the cladding modes with respect to the duty cycle; b) as the grating order increases, the grating duty cycle
and the bandwidth decrease, the latter resulting from the longer length as the plane number remains

constant.

6.1.4 Non-Uniform Fibre Bragg Gratings or Chirped Gratings

A demonstration of the PI-by-Pl inscription flexibility is presented in this section. As
mentioned previously, the grating period could be easily controlled to inscribe gratings
at any wavelength and order.

Ao)

A —
A(z) = Ay + (l‘g—z

3 ., (63)

where Ay is the period at the start of the grating, 4,4 is the period at the end of the grating
and I, is the grating length.

Instead of the uniform gratings, we proceed to inscribe non-uniform (chirped) gratings.
The physical difference between the two is that for the uniform gratings the modulation
period is always constant whereas chirped gratings have a constantly increasing period;
spectrally, the uniform FBGs are reflected only a single wavelength but the chirped
gratings reflect over a range of wavelengths. Figure 58 presents a 10-nm chirped grating
with total length ~4.5 mm. The grating is 4" order while the period was initially 4=
~2.1557 pm and the final period was 4= ~2.1695 pum.

Based on the results discussed in the previous section, we inscribed 4™, 8™, and 16" order
chirped gratings with FWHM bandwidths of 5 nm (Figs. 59(a-c)). From the reflection
spectrum of the chirped gratings, we observe that, the slope at the edge of the chirped
spectrum is affected by the grating order. More specifically, for 4" order, the slope found
to be 1.28 dB/nm, for the 8" order 0.64 dB/nm, and 0.4 dB/nm for the 16" order. It is
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important to note that all the gratings were inscribed with the same number of periods,
so the corresponding total length was ~2 mm, ~4 mm, and 8 mm for 4" order, 8" order,

and 16" order respectively.
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Figure 58: The reflection spectrum of a 10 nm non-uniform fibre Bragg grating or chirped grating
inscribed in SMF28 fibre.
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Figure 59: The reflection spectrum of a) 4™ order, b) 8™ order, and c) 16 order chirped grating inscribed
in SMF28 glass fibre using the PI-by-PlI inscription method. The slope of the edge of the chirped grating
is noted.
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6.1.5 Fibre Bragg Fabry-Perot Cavities

Figures 60-62 shows fibre Fabry Perot cavities. Figures 60(a) and 60(b) show the linear

and logarithmic reflection spectra for a FFP with FSR ~210 pm with finesse ~17.2,

respectively. The FFP consisted of two 1-mm long FBGs operating at 1580 nm, and

separated physically by 3 mm.

As the physical distance between the FBGs increases the FSR of the cavities decreases

and vice versa, as expected, a physical length reduction from 3 mm to 2 mm, leads to a

FSR of 242 pm (Fig.61) and 120 pm for 5mm (Fig.62). In the same way when increased

to 5 mm the FSR become 120 pm. Moreover, the finesse for all the cavities remains

below 17, indicating that the FBGs are not highly reflective. More specifically, this

indicates that the FBG reflectivity is ~94%. One must also consider that as the gratings

increase in length, the concomitant grating loss will influence the cavity finesse.
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Figure 60: The reflection spectrum of a Fabry-Perot cavity formed from using two identical FBGs
inscribed in a single mode SMF-28 fibre. a) Linear and b) logarithm reflection spectrum for the FFP with

a physical spacing of 3 mm.
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Figure 61: The reflection spectrum of a Fabry-Perot cavity. a) Linear and b) logarithmic reflection spectra

of FFP with a physical spacing 2 mm.
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Figure 62: The reflection spectrum of a Fabry-Perot cavity, a) Linear and b) logarithmic reflection spectra
for physical spacing 5 mm, and longer FBGs for higher reflectivity.

6.1.6 Chirped Fibre Bragg Fabry-Perot cavities

Another important optical component for optical fibre systems that is difficult to produce,
is a variable FSR filter. In this section we investigated the inscription of FP using chirped

instead of uniform gratings.

We focus on two designs for chirped FP cavities (CFP), the dispersive and the non-
dispersive forms. Figure 63(a) shows a schematic diagram of a non-dispersive CFP; the
two chirped gratings are inscribed as in section 6.1.4 with the same change in pitch (~3
pm/mm), increasing from right to left with physical distance between them 3 mm. The
resulting reflection spectrum with uniform FSR for all dips in the reflection spectrum is
shown in Fig. 63(b).

In contrast, for the dispersive CFP (Fig. 64(a)), the two chirped gratings were inscribed
with the same characteristics as before but with opposite directions resulting in a range
of cavities over the reflection spectrum, with a variation of FSR (Fig. 64(b)). The FSR
starts at 140 pm for the higher wavelengths and increases to 800 pm for the lower
wavelengths. The reflection spectrum indicates a reduction in the fringe visibility at the
lower wavelengths and this may be an indication that the chirped gratings require more

periods.

The two designs could be improved by using higher reflectivity chirped gratings (more
length) written with lower pulse energy (lower loss) for more homogenous spectrum and

improve finesse. With the PI-by-PlI inscription method the length of the chirped gratings
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and the number of periods is controlled readily and the demands of the CFP in terms of

finesse, reflectivity, and FSR could be adapted efficiently.
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Figure 63: The reflection spectrum of a non-dispersive chirped Fabry-Perot cavity using two 10-nm

chirped gratings. The FSR is constant across the whole spectrum (140 pm).
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Figure 64: The reflection spectrum of a dispersive chirped Fabry-Perot cavity using two 10-nm chirped

gratings, inscribed with chirp in opposite directions. The FSR is variable with wavelength.
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6.2 Tilted Fibre Bragg Gratings in Boron-Doped Glass Fibre

In this section, a flexible method for the development of tailored tilted fibre Bragg
gratings (TFBGs) using the femtosecond laser is presented. Compared to the
conventional UV-laser or existing femtosecond laser fabrication processes based on
phase masks, interferometric and PbP methods, the approach is far more flexible and
offers several advantages. Laser inscription was made through the fibre coating while the
grating planes were controlled to minimize birefringence related to the inscription
process, with precise control over the wavelength location and strength of cladding
modes. 10" order gratings were produced in the C+L bands so that higher order gratings
could be studied at shorter wavelengths.

This work was published in Optics Letters and part of the work was presented as a poster
at the Workshop on Specialty Optical Fibres (WSOF) October 2017 in Limassol Cyprus
and awarded with the best poster presentation award.

6.2.1 Introduction

TFBG technology has seen a huge rise in interest during the last decade mostly due to its
lab-around-fibre sensing capabilities. In common with uniform FBGs, TFBGs are
created when a photo-inscription process takes place along the propagation axis of the
optical fibre core, thereby inducing a permanent and periodic modulation of its refractive
index. In addition to the core mode coupling at the Bragg wavelength, controlled tilting
of the refractive index modulation with respect to the optical fibre axis promotes light
coupling from the core to numerous tens (not to say hundreds depending on the tilt angle
value [19] of backward-going cladding modes. They appear as narrowband dips (full
width at half maximum ~200 pm) in the transmitted amplitude spectrum. With the
inherent birefringence resulting from the tilted grating planes, which break the cylindrical
symmetry of the fibre, TFBGs have been used in numerous applications, including in-
fibre polarizers [174], bending [175] and twist sensors [176], to name just a few
examples. According to the grating’s phase matching conditions, each cladding mode
has its own effective refractive index and will be sensitive to surrounding refractive index
changes in a narrow range around that particular value. Hence, TFBGs remain very
attractive for temperature-insensitive refractometric sensing [177], [178]. Two key

approaches have been reported to demodulate the TFBG amplitude spectrum response:
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(1) computation of the area delimited by the cladding mode resonances in the amplitude
spectrum and (2) computation of the wavelength shift of the most sensitive cladding
mode resonance. The latter is located marginally above the cut-off mode whose effective
refractive index matches that of the surrounding medium. The second demodulation
technique typically yields in aqueous media surrounding refractive index sensitivity of
the order of ~20 nm/RIU (refractive index unit) for a cladding mode resonance close to
1550 nm. More recently, it was demonstrated that TFBGs behave as highly sensitive
plasmonic biosensors when they are surrounded by a thin gold coating on which
bioreceptors are grafted [179]-[183].

TFBGs are classically photo-inscribed using UV irradiation (either with continuous-
wave frequency-doubled argon laser or pulsed excimer laser) with the interferometric or
phase mask technique. In [184], a 800 nm femtosecond pulses laser was used to

manufacture TFBGs using the phase mask technique.
6.2.2 Experimental Details

The plane-by-plane TFBGs were inscribed in a photosensitive single-mode optical fibre
manufactured by the FiberCore [185]. The focused laser inscribed planes had a width of
~800 nm; whereas the other dimensions were controlled by suitable translation stage
motion, resulting in a 3-dimensional refractive index change with controlled plane
length, depth and grating-plane angle. The energy of pulses at the exit of the laser was
measured as 100 nJ/pulse, for a repetition rate of 50 KHz. Initially, the jacket of the fibre
was not removed, thus retaining the fibre’s integrity throughout the initial laser

processing [186], it was removed for refractometry applications.
6.2.3 Results

Following the inscription, the TFBG spectra were recovered using a broadband light
source and an optical spectrum analyser (Advantest Q8384, 10-pm resolution). The
transmission spectrum of a 10 mm, 7° TFBG is shown in Fig. 65 before and after
stripping of the fibre jacket, and we confirm that with the fibre coating the cladding
modes are naturally weaker. The maximum peak-to-peak intensity for the cladding
modes with the coating was 5 dB, increasing to 15 dB when the fibre was stripped at the

grating location.
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Figure 65: Transmitted power spectrum of a 7° TFBG with a Bragg peak of ~25dB and a maximum
cladding mode intensity of ~15 dBm.

Considering the flexibility of our writing technique, we studied the effect of the plane
length on the TFBG spectrum. The grating planes were made with a length varying
between 4 and 40 um. Figure 66 shows a microscope image recovered from the

inscription set-up, for 7 and 40 um plane lengths.

1)

Figure 66: Pictures of 7° TFBGs with 7 and 40 um plane lengths in fibre with core diameter 8.2 um.

Figure 67 shows the corresponding transmitted spectra for 2-mm long, 7° TFBGs. It
shows that the peak-to-peak amplitude of the cladding mode resonances is enhanced for
a plane depth corresponding to the core diameter. For refractive index modulations
extending in the cladding region, the cladding mode resonances visibility decreases and
the baseline is decreased due to the excitation of radiated modes. We have also studied
the effect of the tilt angle on the grating spectrum. Figure 68 shows the spectra obtained
for a tilt angle of 0, 7, 14 and 21°, respectively. As observed for conventional TFBGs

[19], [186], the depth of the Bragg and cladding mode resonances decreases as the tilt

95



angle value increases. The cladding mode resonances centre of mass (CMR-COM) shifts
to shorter wavelengths as expected. Figure 69, shows that the CMR-COM follows a 2™

order polynomial function.
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Figure 67: Transmitted amplitude spectra of 7° TFBGs with different grating plane depths. (spectra are
offset on the vertical axis for clarity)

The technique highlights an important difference compared to the classical inscription
methods: as we rely on a direct writing process, the Bragg wavelength does not shift with
the tilt angle value, allowing for precise control in its positioning. Finally, for tilt angle
values above 20°, excitation of cladding modes in the range 1340-1440 nm is possible
for a simultaneous strong Bragg mode at 1580 nm, which is typically not the case if a
phase mask is rotated relative to an optical fibre. These modes are characterized by an
effective refractive index value close to 1. Hence, as already reported in [187], this yields
the opportunity to use such highly tilted gratings for refractometry in gaseous media.
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Figure 68: Transmitted amplitude spectra of 0°, 7°, 14° and 21° TFBGs.
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The role of laser-induced birefringence has been considered for grating planes
corresponding to the fibre core diameter, which offers the strongest cladding mode
resonances. Here a polarization controller was placed in the measurement set-up between
the optical source and the grating. For all the tested TFBGs, the birefringence is
manifested by a maximum shift of the Bragg wavelength of only 8 pm, which is more
than an order a magnitude improvement over other femtosecond laser FBG inscription

methods, and may be further reduced by controlling the laser inscription energy.
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Figure 69: Cladding mode resonance centre of mass shift per angle change, fitting with a 2" order
polynomial function.

It is well known that this value corresponds to 24n4 where 4n is the birefringence and
A is the grating period. Hence, this gives a laser-induced birefringence of 7.4x10°, which
is on the same scale as UV written gratings, quite similar to other photo writing
techniques [188].

Another interesting feature of the direct write method is the ability to produce high order
gratings operating at ~1550 nm, allowing for the study of the behaviour of higher order
cladding modes located at lower wavelengths. Figure 70 depicts the transmitted
amplitude spectra of a 4™ and 10" order grating at 1580 nm and 1550 nm, respectively.
It shows that the wavelength range over which the cladding mode resonances of a
particular grating order extend decreases with the grating order. This arises because the
wavelength spacing between neighbouring cladding mode resonances decreases, as

shown in the insets of Fig. 70.
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Figure 70: The 4" and the 10" order gratings at 1580 nm and 1550 nm respectively displaying higher
order modes at shorter wavelengths. Inset: zoom on the 4™ and 5" orders to see the evolution of the

wavelength spacing between neighbouring cladding modes.

Finally, we inscribed a 10" order TFBG that was immersed in a salted water mixture
whose refractive index was slightly modified by adding small quantities of water. The
refractive index of solution was measured with a handheld Abbe refractometer accurate
to 10* RIU. The applied demodulation technique was based on the computation of the
wavelength shift of the most sensitive cladding mode resonance in the grating spectrum.
Figure 70 depicts the obtained results for the 10", 11" and 12" grating orders,
respectively. A linear regression of the raw data yields a refractometric sensitivity of ~28
nm/RIU for the cladding mode resonance at 1506 nm in the 10" order grating. This
sensitivity decreases to ~13 nm/RIU at 1257 nm for the 12" order grating. This
differential refractometric sensitivity between grating orders can be beneficial in the
process of ultrafine refractometry, as reported in [189]. Moreover, from the obtained
data, it is expected that the sensitivity can increase at longer wavelengths (9™ order
grating at ~1720 nm for instance) provided that adequate source and optical spectrum

analyser are used to record them.
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Figure 71: Refractometric sensitivity as a function of the grating order. Inset: wavelength shift of the most

sensitive cladding mode resonance for the 10" order grating.

6.2.4 Conclusion

The characteristics of TFBGs inscribed using a femtosecond laser along with number of

differences with the traditional process were reported. The immense inscription

flexibility was confirmed, in particular the grating strength and angle. The low

birefringence and the presence of higher order modes with their own set of cladding

modes makes these TFBGs quite unique. This will open new paths to explore in regard

to refractometric sensing. The index sensitivities were ~28 nm/RIU at ~1510 nm to
~13 nm/RIU at ~1260 nm.
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6.3  Studies in Phosphate Glass Fibre

Here there is a focus on developing components in a bioresorbable phosphate fibre, such
as uniform FBGs, chirped gratings, and Fabry-Perot cavities. Part of this work was
presented as a poster presentation in Workshop on Specialty Optical Fibres (WSOF)
October 2017, in Limassol, Cyprus.

6.3.1 Introduction

Optical and optoelectronic technologies have been widely used in biomedicine and
healthcare related applications and the research efforts in this field are dramatically
expanding in several directions. A recent research line arising from new advances in
biomaterials science concerns the development of biomaterial based photonic devices
able to degrade in physiological conditions once their functionality has expired. To this
aim, different materials able to combine biodegradability with good optical properties

have been synthesized.

The first biodegradable optical fibre was based on cellulose [190], while further studies
led to the development of spider silk, fibroin and hydrogel based devices [191]-[193].
Hydrogels, in particular, are recognised as the ‘gold standard” for bioresorbable optical
devices thanks to their noticeable resistance, flexibility and transparency [194]. Recently
calcium-phosphate glasses (CPGs) have been proposed as a new solution for the
manufacture of resorbable devices [195]. These glasses, regarded as promising
biomaterials since the 80’s, have been widely studied for the fabrication of bone
scaffolds, resorbable composites and as support for neural growth [196]-[198]. CPGs
offer superior optical properties in comparison to polymers, as they guarantee a wider
window of transparency spanning from around 250 nm to about 2600 nm. Moreover,
their refractive index and dissolution kinetics can be tailored by opportunely changing

the composition.

CPG based bioresorbable optical fibres are mechanically reliable both in dry and humid
environments [199] and to show the lowest attenuation values compared to all resorbable
photonic devices reported in literature. These fibres were recently employed for diffuse
optics experiments on biological tissues showing the same performances of silica based
ones [200], and their photosensitivity in the deep ultraviolet (UV) region was also
demonstrated [201].
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The aim of this work is the femtosecond laser processing of the phosphate glass fibre to
inscribe bioresorbable optical grating sensors. Again, the focus is on demonstrating the
key optical filtering elements, such as FBGs, CFBGs and FFP, all characterised in
reflection. The components were calibrated to temperature and relative humidity
changes, and monitored over extended time periods, with the degradation of the FBG

recorded in a high humidity environment for 52 hours.

Due to the high biocompatibility of the core and cladding calcium-phosphate glasses, the
sensor developed in this work can be easily integrated into other resorbable biomedical
components, such as bioactive scaffolds, resorbable composites, or implants for soft
tissue regeneration. Providing that there is a suitable bioresorbable polymeric coating,
the sensor could be also implanted as a single fibre for different applications. This paves
the way towards the development of multifunctional inorganic structures for the

monitoring and regeneration of human hard and soft tissues.
6.3.2 Fabrication and Characterization of the Phosphate Optical Fibre

The bioresorbable phosphate glass optical fibre used for the grating inscriptions was
manufactured by preform drawing, with the preform being obtained by the rod-in-tube
technique [202], and was sourced from collaborators at the Politecnico di Torino in Italy.
In detail, the core glass rod was drawn into a 4-mm diameter cane and inserted into the
first cladding tube. The fabricated core/cladding structure was then stretched into a 4 mm
diameter rod and subsequently placed in the second cladding tube. The final preform was
finally heated above the Ty and below the Tx to draw the optical fibre while the fibre’s

diameter was monitored during the drawing process.

The core and cladding calcium-phosphate glasses were ad-hoc developed for this
research with the aim to ensure an exclusive combination of optical and biological
functionalities [195]. The glasses proved to be homogeneous, stable against de-
vitrification (47~ 200 °C) and therefore suitable for crystal free fibre drawing; were
transparent from UV to near-infrared (NIR) region; soluble in simulated biological
environment (PBS, pH = 7.4 at 37 °C) with a dissolution rate of 2-4 um/day. The above
details give an indication that this homogeneous fibre may be well suited to femtosecond
laser processing. Table 3 reports the thermal, physical, and optical properties of the

manufactured core and cladding glasses.
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Table 3: Glass transition temperature (Tqg), onset crystallization temperature (T), glass stability
parameter (AT), coefficient of thermal expansion (CTE), density and refractive index at 1533 nm of the
manufactured calcium-phosphate core and cladding glasses.

Glass label Core Cladding
Ty [°C]£3°C 435 435
T« [°C]£3°C 658 628
AT [°C] 6 °C 223 193
CTE[10%°C11£0.1°C 12.6 12.2
p [gcm®]£0.005gcm? 2.606 2.600
n+ 0.001 1.514 1.512

The bioresorbable optical fibre has diameters of 15 and 120 um for the core and the
cladding, respectively, with a corresponding numerical aperture (NA) value of 0.08.
These parameters were designed in order to achieve a SM behaviour at 1533 nm (V
number = 2.390).

A good interface adhesion between the core and cladding was observed, thus proving the
noticeable thermo-mechanical compatibility of the two glasses. Furthermore, the near-
field imaging of the fibre output recorded using an IR camera highlighted a good

confinement of the light beam inside the core of the fibre.

Attenuation loss coefficients of around 1.9 and 4.7 dB/m were measured respectively at
1300 and 633 nm. These values are in line with those typically exhibited by phosphate
glass optical fibres [203] and one up to two orders of magnitude lower in the decibel

scale than those published so far for bioresorbable optical fibres [204].
6.3.3 Bragg Grating Inscription in Phosphate Glass Fibres

The now familiar inscription setup was to produce the optical component. The pulse
energies at the exit of the laser set at ~100 nJ/pulse and the repetition rate was set at
5 kHz using the pulse picker.

For the inscription of the uniform FBG operating at 1560 nm we set the grating’s period
at A=~2 pum. The grating was 4th order to avoid any index overlap, while the inscription
width set at 15 pum which is the diameter of the core and the total period number of
periods was 1000 which results to a ~2 mm total length grating. Using an optical
circulator, the FBGs illuminated using a broadband light-source (Thorlabs ASE730) and
the reflection spectrum of the grating was measured using a commercial FBG
demodulator (Ibsen IMON 512 High speed) with optical resolution ~169 pm (Fig. 72(a)).
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From the reflection spectrum the FWHM grating bandwidth was 0.5 nm, whereas the
effective refractive index was found to be ness = ~1.515.

In the same manner, we proceed with the inscription of a chirped grating. The initial
period was ~2.060 pm for a 4™ order FBG at 1561 nm and the final period was ~2.067
um, corresponding to 1566 nm, giving a 5-nm chirped grating, (Fig. 72(b)). From the
reflection spectrum, ripples up to 20% of the maximum reflection spectrum are observed,
however this could be improved using a smaller chirp coefficient and higher period

number.

Moreover, we proceeded with the inscription of a FPP using two identical FBGs
separated by L=3.4 mm. Considering the length of the gratings was ~0.8 mm the effective
optical length of the cavity is Lq,iry = ~4.2 mm. The FSR of the cavity found to be 189
pm, while the finesse of the cavity calculated to be 3.16 as shown from the reflection
spectrum in Figs. 73(a-b). This value of finesse corresponds to ~53 % reflectivity, which
is logical considering that the gratings have less than 400 periods. As a result, the finesse

of the cavity could be improved with stronger FBGs.

It is important to note that the fibre is very fragile and it was manually cleaved with a
diamond blade, however, there was almost always a small cleave angle (<10°). The
phosphate samples were fusion spliced with a SMF28 pigtail using modified splicer
settings on a Fujikura FSM100P+ fusion splicer. The small cleave angle influenced the
splice quality, and so the reflection spectra occasionally show high back reflections.

More details for the spicing settings are included in Appendix B.
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Figure 72: a) Reflection spectrum of uniform FBG in the phosphate fibre, as recovered using a commercial
FBG demodulator and b) Reflection spectrum of 5-nm chirped grating inscribed in the phosphate fibre.
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Figure 73: Reflection spectra of the Fabry-Perot cavity in the phosphate glass fibre.

6.3.4 Characterisation and Calibration of the Bioresorbable Optical Sensors

The key application of the bioresorbable sensors is insertion in to the human body; as a
result it is essential to study the sensor behaviour when inserted in environments with
high water content, as one would find in blood vessels. In addition, the response of the
sensor to the temperature fluctuations is essential, since cross sensitivity issues could

cause inaccuracies with the measurements.

Bearing this in mind, the FBG phosphate sample was placed in our climate chamber and
interrogated in reflection, as described in the previous section. We began our
characterisation measurements with the temperature sensitivity. The relative humidity of
the chamber kept constant at 35%, while the temperature was set to increase from 23 °C
to 73 °C degrees within one hour. During this period spectral snapshots were recovered
and the temperature of the climate chamber sensor was noted (internal sensor). The
grating response was 12.7 pm/°C (Fig. 74) whereas the grating amplitude was increased
significantly (Fig. 75) for temperatures ranging from 25.3-73.1 °C; well within the body’s

operating temperature.

Subsequently, we kept the temperature constant (36 °C) and increased the relative
humidity from 35% to 95%. After four hours the FBG wavelength shifted by only 0.025
nm, which gives a response to humidity of 0.416 pm/%RH (Fig. 76), not surprising as
this is a glass-based fibre, and at this level can be neglected. Nevertheless, the grating
was kept under these conditions for 52 hours and its reflection spectrum was captured
every 6 hours. We observe the grating change in shape, amplitude, and wavelength. More
specifically, a significant decrease of the grating magnitude was noted up to 52 hours,
and the grating disappears (Fig. 77). Figure 78 presents more clearly the deviation of the
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amplitude with respect to time, which may be explained by the phosphate fibre dissolving
in the high humidity environment. This is similar to a tilted-FBG inscribed in phosphate

fibre using a UV laser, reported recently [205].

In addition, the reflection spectra of the grating was recovered using the Zero Crossing
Algorithm [206] and shown in Fig. 79. The Bragg grating showed an initial positive
wavelength shift over the first four hours, as previously shown in Fig. 76, and then
followed a decent wavelength shift at an exponential rate (Fig. 79). In Fig. 79, the blue
line is the humidity level inside the climate chamber according to the internal sensor,
along with the FBG response (black line). At the first four hours the fibre absorbed a
significant amount of the water content, slightly changing the fibre dimensions leading
to a physical elongation of the fibre and positive wavelength shift. Following this, the
dissolution procedure occurred was a reduction in the cladding’s refractive index,
reducing the effective refractive index and leading to a negative wavelength shift of the
grating. It is noted that due to the connectorisation issues referred previously, only the
uniform FBG was characterised, however similar response expected from all the other

optical devices since the changes are related to the material properties
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Figure 74: Temperature response of a uniform FBG inscribed in the phosphate fibre.
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Figure 75: The amplitude change of the uniform FBG inscribed in a phosphate fibre when the
temperature was increased ~50°C above room temperature.
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Figure 77: Reflection spectra of a uniform FBG inscribed in the phosphate fibre for different time periods,
following insertion into the climate chamber with 95% relative humidity and temperature similar to human
body (~36 °C).
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Figure 78: Amplitude modulation of the phosphate FBG when inserted in a climate chamber with high
relative humidity levels.
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7 Waveguide Inscription Using a

Femtosecond Laser

The inscription of integrated fibre devices is critical for the realisation of compact micro-
sensors. Here femtosecond laser waveguide inscription is explored in the optical fibre
cladding, with the development of evanescent waveguide couplers and monolithic Mach-
Zehnder interferometers (MZIs), both incorporating Bragg gratings. New devices are
developed for refractive index measurements. Finally, direct bridging waveguides are

inscribed between single-core fibre (SMF28) and multi-core fibre (four cores).

Part of the work was presented as oral presentation at SPIE Photonics Europe in 2016 in
Brussels.

7.1 Introduction

The use of femtosecond (fs) lasers as a means of directly writing structures and
waveguides inside the bulk volume of glassy materials is considered a highly attractive
approach, offering great flexibility and a simple, single-step processing. Femtosecond
lasers have an inherent capability to perform high-resolution micromachining and
inscription in many different transparent materials, including silica optical fibres. This
selective material modification allows for the flexible patterning and prototyping of
micro- and nano-structures. Using fs lasers the fabrication of photonic crystal arrays,
diffractive elements and their templates is possible [106], [207]-[209]. With this in mind,
the fabrication of different waveguide structures is explored in optical fibres, optimising
the inscription parameters for optimal light coupling from the fibre core to the cladding
waveguide, this leads to waveguide Bragg gratings, Mach-Zehnder interferometers and
vectorial sensors in a 4-core fibre. Critically the same key laser-inscription parameters
for making the FBG components were used for the waveguide inscription, making the
method applicable to any type of miniature optical component. This approach ensures
reliability and repetition in component manufacture, as the same basic conditions are
used to inscribe the MZI and FBG. Moreover, the integrated, compound cladding sensor

has a minimal effect on the fibre strength (through the jacket inscription), leading to a
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robust sensing device. We show that the sensors maintain their unique sensing

capabilities, and present various measurement results.

7.2  Cladding Waveguide Inscription

For the inscription of the waveguides the same FBG inscription setup was used. The
energy for all the waveguide inscriptions was set to ~105 nJ/pulse as measured at the exit
of the laser with a repetition rate of 100 kHz. The waveguide was fabricated by focusing
the laser beam to the same depth as the fibre core, but translated to the side of the core,
so that light was coupled evanescently to the waveguide [210], [211] as shown in Fig 80.
Briefly, using a controlled G-code script the waveguide structure begins with a selected
coupling length (length 1), a smooth move away of the core having a specific angle
creates an S-bend in the middle of the cladding and this is followed by a straight motion
(length 2). The process repeated several times with a specific step between each
inscription until the waveguide reaches the desirable width. In this way the mode profile
of the cladding waveguide can be controlled. A microscope image of two waveguides
inscribed parallel to the fibre core are shown in Fig. 81. The fibre core is illuminated with
visible light operating at 630 nm, and the light coupled to the cladding waveguides is
visible scattering. Note, that for these samples the inscription was stopped 5 um before

the cleave end of the fibre in order to avoid damage to the fibre end face.

Waveguide—» Length 2

S-Bend
Length 1

, ,

Figure 80: Schematic diagram of the waveguide in the cladding of a silica optical fibre.
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Figure 81: Two cladding waveguides imaged using a microscope, after the fibre core is illuminated with
a red laser diode source. Scattering of light in the region of the waveguide is observed.

A series of inscription were performed in order to investigate the optimal conditions to
achieve an ideal 50% coupling efficiency for the MZI, extracting light passing through
the fibre core, whilst also ensuring a circular beam profile. After each inscription the
fibre samples were connected with visible light source operating at 630 nm and the output
light profile of the waveguide was captured using a profilometer (Veeco — Wyko
NT9100) in intensity measurements mode ((the instrument acts only as a camera system
in this mode). The waveguides were ‘built-up’ having translation steps between each
repetition that varied from 0.3 — 0.8 um. The coupling lengths were selected to be 0.25
mm, 0.5 mm, or 1 mm. The target waveguide size, larger pulse energy and repetition
were 6 um, 110 nJ/pulse, and 100 kHz, respectively. These parameters were kept constant
for all inscriptions for better comparison between the waveguide samples. Using this
approach the waveguide was developed to the desired final size. Cladding waveguides
could be inscribed in any location of the fibre cladding and it was a simple matter to
inscribe several waveguides in one fibre. Using this approach, the waveguide was
developed to the desired final size. Cladding waveguides could be inscribed in any
location of the fibre cladding and it was a simple matter to inscribe several waveguides

in one fibre.
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Figure 82: Waveguide inscription on the side of the core of single mode glass SMF28 fibre to find the
optimal inscription parameters for optimal coupling between the core of the fibre and the waveguide and
circular shape, a) 0.5 and 0.5 pm gap and coupling length 0.5 mm, b) 0.5 and 0.6 pm gap with couling
length 1 mm and 0.5 mm, respectively, and c¢) 0.7 and 0.6 um gap and coupling length 0.5 mm and 0.25
mm, respectively.
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Our inscriptions began with two waveguides having a coupling length of 500 um and
translation step 0.5 and 0.3 um, respectively. The two waveguides were inscribed on the
same sample; one to the left of the core and one to the right, and the output profile of the
two waveguides as measured using the profilometer are shown in Fig. 82(a). For 0.5 um
steps the profile of the light is more circular and the light exiting the waveguide is
comparatively greater than the 0.3 um step waveguide. For the next sample (Fig. 82(b)),
two waveguides were inscribed again, one with coupling length 1000 um and a 0.5-um
step and one with the same coupling length as the previous samples (500 um) but having
0.6-um step. We observed that the longer coupling length doesn’t improve the coupling
efficiency of the waveguide. On the other hand, for a 0.6-um step and 500-um coupling
length, the coupling efficiency exceeded 30% and the shape of the output was similar to
the core. For the next inscription sample the coupling length was decreased to 250 pm
and the step was kept at 0.6 um for the one side, whereas for the other side the coupling
length was 500 pm but step was 0.7 pum. The results showed no improvement for either
waveguide (Fig. 82(c)). It appears that the optimized conditions for the coupling
coefficient and waveguide shape are a coupling length of 500 um and 0.6-pm step

between the inscriptions.

It is known that the distance between coupling waveguides should be less than the
wavelength of transmitted light for maximal evanescent wave coupling if the coupling
length is limited (our case) [212]. This is supported by results derived from side polished
optical fibre couplers, which are true evanescent wave couplers. For the side polished
coupler, a gap of ~0.3-0.5 um ensures excellent coupling. To account for the core to
waveguide spacing, we control the spacing choosing initially a 0.5-um gap (readily
possible) and then a gap of 0.8 um towards the core from the other side of the core._The
resulting output light is shown in Fig. 83, the smaller gap improves the light coupling to

>40% compared to <10% for the waveguide inscribed with the larger gap.
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Figure 83: Waveguides inscribed with a coupling length of 0.5 mm and 0.6-um repetition step. For 0.8-
um gap between waveguide and core leads to a coupling efficiency <10%, whereas reducing the gap to 0.5
um improves the coupling efficiency to >40%.
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7.3 Waveguide Bragg Grating Inscription and Characterisation
7.3.1 Waveguide Bragg Grating Inscription Details

Uniform, in-core FBGs have shown high sensitivity to environmental parameters such
as temperature and strain. However, FBGs are too far from the cladding/air interface to
interact with external media, hence TFBGs or long period gratings that couple light to
the cladding and beyond are used to make refractive index measurements [213]-[215].
However, both TFBGs and LPGs generally operate in transmission (they can be made to
operate in reflection, with restrictions), limiting sensors for in-vivo biomedical
measurements. If we consider that the measurement of refractive index can be related
with the different diseases [216]-[218], the development and use of refractive index

sensors operating in reflection is important.

For this reason, a method was developed to inscribe a uniform FBG inside to the
inscribed waveguide structure. The key is that the inscription properties for the
waveguide and FBG are very similar, making this method extremely flexible. For
example, if the PbP method was used for the FBG inscription, the laser energy would
have to be increased by an order of magnitude compared to the requirements for the

waveguide.

The waveguide was inscribed as described earlier and the length was increased to 4.5
mm to ensure enough length for the FBG inscription. Figure 84 shows a microscope
image of the Waveguide Bragg Grating (WBG). For the inscription of the WBG, we
retained the energy used for waveguide inscription, and increased the repetition rate to
100 kHz. A total of 2000 planes were inscribed across the waveguide with a period of
~2.18 um. During the grating inscription the sample was connected to an optical
circulator, and we illuminated the grating using a broadband light source (Thorlabs
ASE730); the reflection spectrum of the grating was recovered using an OSA (Advantest
Q8384). Figure 85(a) shows the grating growth in reflection for the WBG during the
inscription process and for different grating lengths while Fig. 85(b) shows the final
grating reflection spectrum for the total length of 4.5 mm. The grating was located at
1583.6 nm (~0.5 nm bandwidth) and the effective index was nest =1.4506.
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Figure 84: Microscope image that shows the location of the fibre core, the cladding, the laser inscribed
waveguide and the WBG.
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Figure 85: a) Grating growth reflection spectrum and b) final reflection spectrum of the WBG as recovered
using the Advantest Q8384 OSA with 10 pm optical resolution.

7.3.2 Characterisation of the Waveguide Bragg Grating

To characterise the strain response of the grating we fixed the sample between two
manual stages using UV glue and axial strain steps were applied. The response of the
WABG to the strain was found to be ~0.8 pm/ue as shown in Fig. 86. Measurement of the
WBG curvature response is shown in Fig. 87 for three directions (left, right, up) and the
linear fit slope sensitivity of the waveguide for each direction varying from 54 pm/m*
for right direction, 29 pm/m for left direction, and 8 pm/m for up direction. The given
directions refer to the position of the fibre sample on the experimental measuring setup
and not on the position of the WBG in the fibre. From the results the WBG is located on
the lower-right region of the fibre, as shown in the schematic in Fig. 87. Whereas it is
clear that the WBG is not centred on the stage, we observe different sensing responses
for the different bend directions, as shown in the schematic in Fig.87(right)).
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Figure 87: Bend sensing measurements using the WBG inscribed on the side of the core of an SMF28
fibre.

Finally, the WBG was immersed in three different liquids and found to be sensitive to
the surrounding refractive index (R1). More particularly, the fibre was immersed in water
(RI=1.33), alcohol (RI= 1.361), and index matching oil (RI= 1.518). The first
measurements show a negative wavelength shift when the outer refractive index is
smaller than the effective refractive of the FBG (alcohol and water), and positive when
the refractive index is larger (oil) as shown in Fig. 88. However, more measurements
with different RI values are required to complete the sensitivity response of the WBG for

refractive index variations.
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7.4 Mach-Zehnder Waveguide Inscription
7.4.1 Waveguide Mach-Zehnder Inscription

By mirroring the previous waveguide so that it now couples back to the core, we arrive
at the next waveguide structure, the Mach-Zehnder interferometer (MZI); the schematic
diagram of which is shown in Fig. 89. The physical path difference between the
waveguide and core is very small since most of the waveguide structure runs parallel to
the core except in the S-bend sections, and our calculations estimate that the physical
path difference is sub-micron. As a result, the OPD is principally dependant on the

refractive index change induced during the waveguide inscription.

The MZI were inscribed with the same inscription setup as before and the repetition step
between the waveguide “building” inscriptions was 0.3 um. Various inscriptions were
performed changing the coupling lengths (section 1 and 2, Fig. 89) and S-bend angle,
and spectra were captured for different waveguide dimensions. Specifically, the MZI
transmission spectra were measured during the inscription process using a broadband
light source (1200-1650 nm) and OSA, every 0.9 um of incremental waveguide width,

equivalent to three laser inscription scans.

Figure 90(a-c) shows examples of the MZI transmission spectra for coupling lengths 250,
500, and 1000 pm, respectively, for waveguide sizes ranging from 2.7 - 6.3 um. By
comparing the transmission spectra for all the coupling lengths, two observations are
noted. Firstly, as the waveguide size increases the MZI dips are shift to higher
wavelengths and secondly, for smaller coupling lengths, the MZI are formed with smaller

waveguide dimensions.
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Figure 89: Schematic diagram of the MZI structure inscribed using a femtosecond laser in SMF28.
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Figure 90: Mach-Zehnder interferometers inscribed with coupling lengths a) 250 um, b) 500 um, and ¢)
1000 um for different waveguide structure dimensions.

As shown in Fig. 90(a-c) for a MZI with waveguide width of 2.7 pm and coupling length
250 um, there is a ~10 dB notch at ~1250 nm, whereas for larger coupling lengths no
further features appear in the spectrum. For coupling lengths of 500 and 1000 pum, the
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MZI notches appear for a waveguide width 3.6 um. However, for a 500 um coupling
length the MZI notches cover all the available spectrum, while for the 1000-um coupling
length significant features appear only in the range 1200 — 1400 nm. It is clear that as the
waveguide increases the MZI notches also increase, beginning with lower wavelength
notches; this is clearer for the 1000-pum coupling length. This may appear to be in conflict
with the waveguide results presented in the section 7.2, where a higher coupling
efficiency to the waveguide was achieved with a short 250-um coupling length and 3.6
um waveguide size. However, the earlier waveguides were illuminated at 630 nm, and
when that is considered the results actually support our MZI study. Therefore, one would
anticipate that a MZI operating at 1550 nm would require a waveguide size of at least

4.5 um and longer coupling lengths.

Figure 91(a-c) shows the FSR of the three MZIs and we observe that as the waveguide
size increases the FSR decreases, which is clearly related to the influence of the index
change on the OPD, where the overlap between two consecutive inscription repetitions
can be >75%. The refractive index increases, simultaneously increasing the OPD and
decreasing the FSR. According to the spectral characteristics in Fig.90 and by solving
the equation 2.61 in Chapter 2 to n.s as shown below, the estimated refractive index
value is ~3.8x107 for the final MZI structure in all cases, as shown in Fig. 91.

?

According to the MZI spectrum shown in Fig. 90(c), with waveguide width 6.3 um and
1 mm coupling length, the refractive index difference was calculated for all the fringes
within the range 1250 — 1600 nm. The results shown the refractive index deviates as the

wavelength increasing (Fig. 91(d)).
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Figure 91: Free spectral range of the MZI and refractive index difference between the core and the
waveguide with respect to the waveguide width a) 250 um b) 500 um, ¢) 1000 um coupling length for MZI
fringes at 1200 - 1300 nm region. d) The refractive index difference in respect to the wavelength.

7.4.2 FBG Inscription in a Waveguide Mach-Zehnder Interferometer

We continue by incorporating an FBG into the section 2 of the MZI (Fig.89). By keeping
the same pulse energy as used for the inscription of the MZI and increasing the number
of pulses/um, a ~4.5-mm long FBG was inscribed. The grating had a period A=~2.18 um
and consisted of approximately 2000 periods. Figure 92(a) shows the transmission
spectrum of the MZI with the FBG. A zoomed spectrum shown in Fig. 92(b), while the
grating reflection spectrum shown in Fig. 92(c) and shows excellent uniformity. The
FBG is located at ~1580 nm with ~50% reflectivity and bandwidth (FWHM) ~0.9 nm.
The multiple dips appear in the range 1320-1420 nm are associated with the light source.
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Figure 92: FBG inscribed in the MZI a) transmission spectrum of FBG and MZI, b) Zoomed picture of
the FBG transmission spectrum, and c) the FBG reflection spectrum.

7.4.3 Humidity and Temperature Sensing Using the FBG-MZI

The compound sensor has the advantage that each element maintains its basic sensing
characteristics, as each sensor operates in a fundamentally different way. In order to
justify this marrying of sensors the temperature and humidity response of the FBG-MZI
are measured. For our purposes the outer coating of the fibre was removed and placed
inside the climate chamber for controlled variation of the temperature and relative
humidity. The transmission spectrum of the FBG-MZI before and after removal of the
outer jacket is shown in Fig. 93. The black line is the spectrum before stripping and the
FBG is observed at a spectral position with no MZI dips. However, once the coating is
removed, the transmission dip of the MZI shift to the position of the FBG. The
wavelength position of the FBG was 1581.51 nm and 1581.70 nm before and after
stripping (and in the climate chamber), respectively. The FBG-MZI was mounted in the
chamber using Kapton tape and there is a possibility that a small amount of strain was
applied to the fibre sample and as a result the wavelengths shift of the FBG. The ~50 nm
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wavelength shift of the MZI dip was observed immediately after stripping and is certainly
associated with the difference in refractive index once the coating is removed (Rlcoating =
~1.4682 at 1550 nm for Corning SMF28), and there is no measured change to the FSR.

This suggests are refractive index sensitivity of ~107 nm/RIU.

The first temperature experiment was carried out with variations from 49.8 °C to 57 °C
and keeping the relative humidity constant at 30%. The wavelength shift of the MZI
fringe located at ~1560 nm was measured a negative wavelength shift with increasing
temperature was noted to be -490 pm/°C (Fig.94). In order to confirm the validity of the
measurements the response of the FBG was measured (Fig. 95), for which an anticipated
positive wavelength shift was recorded with slope ~11 pm/°C, which is very similar to

an FBG inscribed in the fibre core.
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Figure 93: Transmission spectrum of the MZI with and without the outer polymer fibre jacket.
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Figure 94: Wavelength shift of the Mach-Zehnder fringe located at ~1560 nm for different temperatures.
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Figure 95: Wavelength shift of the Mach-Zehnder and FBG composite cladding sensor for different
temperature values.

For a constant temperature of 50 °C the relative humidity of the chamber was changed
from 49% to 75%, and 90% and the transmission spectrum was measured for each case.
As shown in Fig. 96, the MZI shows a positive shift with increasing relative humidity.
The interrogating source was weak and the dip was at the limit of the measurement
dynamic range, therefore the wavelength shift was measured by tracking a point at the
middle of the dip. The FBG was not affected by the relative humidity, (Fig. 97 blue),
whereas the MZI showed a linear positive shift of 26 pm/%RH. The response of the MZI
to the humidity is under investigation. The cause of this sensitivity to humidity is unclear

as the index difference of moisture in the chamber is very small indeed.
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Figure 96: Humidity response of the Mach-Zehnder for relative humidity values 49%, 75%, and 90%.
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The integrated, compound cladding sensor is a robust sensing device and maintains the
unique filter sensing characteristics, enabling co-located and complementary
measurements. The same key laser-inscription parameters are used to develop two
critical miniature optical components with a single inscription process, offering
reliability and repetition in component manufacture. The FBGs are femtosecond
inscribed using the direct-write; plane-by-plane method, this ensures that in contrast to
other FBG inscription using a fs laser there is no need to change the laser energy as the
device type is changed. We consider that this is an important step in the development of

compact, smart optical fibre sensors.
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7.5 Single Core Coupling with 4-Core fibre for Advanced FBG

Sensor Development
7.5.1 Introduction

Multiple core fibres offer a possible solution to increase the data density on optical fibres
or for the development of new types of vectorial optical sensors. However, a critical
problem with this fibre type is the lack of efficient methods for coupling multicore fibre
to existing networks or for coupling to single-core fibres and this is essential since all the
existing optical equipment is designed for use with single core fibres. For this reason, a
number of techniques have been proposed for simultaneously coupling between all the
cores and single core fibres. Such methods are referred as either direct coupling
techniques, such as tapered methods [219]-[221] and connection via a waveguide
module [208], [222] or indirect coupling using lens systems [223]. As noted, the multiple
core fibres have important applications in sensing, since the simultaneous interrogation
of more than one core could be solve cross sensitivity issues or could be used for shape

sensing applications.

A new, direct, and efficient coupling technique was developed to address the
aforementioned issues and coupling between a single-core and four-core fibre was
demonstrated via femtosecond laser inscribed bridging waveguides. Moreover, multiple
FBG arrays were selectively inscribed in the cores of four-core fibre and their response

recovered via a single-core fibre using conventional optical spectrometers.
7.5.2 Coupling Waveguides Inscription - Bridging Waveguide

In order to realise the bridging waveguide method, the following process was followed.
Firstly, SMF28 fibre was fusion spliced to the multi-core fibre (Fibercore Ltd), of course
the spatially separated cores did not exchange light, and light launched through the
SMF28 was not injected into any of the four cores. By inscribing waveguides near to the
single fibre core, we evanescently coupled light from that core to one or more cores in
the multi-core fibre, thereby acting as bridging waveguides, Fig. 98 and 99; now the cores
could transfer light signals between them. The waveguides were stopped a few microns
before the core of the other fibre. The end face of the four-core fibre, with one of the

cores “bridged” via the waveguide to the single mode fibre, is shown in Fig. 99; the
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image was captured using the Wyko profilometer. The image shows how only one of the

four cores is illuminated and communicates with the single core fibre.

To demonstrate the efficiency of the method and the design of new kinds of optical fibre
sensors, we modified the above recipe by first selectively inscribing three FBGs in each
one of the four cores of the multi-core fibre, using the Pl-by-Pl inscription method (prior
to waveguide inscription). The gratings consisted of 1000 planes with period of ~2.15 um
that were physically separated by 3 mm. Now the FBGs were monitored (but not yet
observed) via the SMF28 fibre that was illuminated with the broadband light source
(ASE730, Thorlabs) and connected to the OSA (Advantest Q8384) via a circulator. As
the bridging waveguides were inscribed the FBG-array appeared with the increasing
waveguide size (Fig. 100). The final spectrum for three of the four cores connected with
the SMF28 is shown in Fig. 101. The FBGs where recorded at 1552, 1555, and 1557 nm
for the first core, 1572, 1575, and 1577 nm for the second core, and 1582, 1585, and 1587
nm for the third core and the average grating bandwidth was ~1 nm. Particularly for the
cases of the cores 2 and 3 (Fig.101), there is a magnitude variation between the gratings
that may be explained as follows. The measurements are made in reflection and the
source profile is not flat with wavelength (linear scale) and there is loss associated with
the waveguides and gratings. On the other hand, the reflection spectrum inhomogeneity

of the FBGs in the first core is likely caused by the quality of the inscribed waveguide.

Figure 98: End-face picture of the four-core fibre when one of the four cores connected and red-light
passing through the fibre as captured using a profilometer; we observe 1 bright and 3 dark cores.
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Splice Joint

Figure 99: Microscope pictures of the FBGs inscribed in two of the four cores of a four core fibre (upper
images) and the coupling point between the cores and the inscribed waveguides (lower images).
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Figure 100: Appearance of the FBG array as the width of the waveguide is increased.
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Figure 101: Reflection spectrum of three multiple FBG arrays, each array was inscribed in a different core
of the 4-core fibre. The amplitude variation is related to the source profile and waveguide quality and
grating loss.

7.5.3 Response to Fibre Shape and Discussion

The four-core FBG sensor was monitored in reflection and the response for each core
and FBG is shown in Fig.102 with respect to the fibre shapes shown in Fig. 103. In
Fig. 103 we observe four shapes; however, by looking the pictures carefully, the shape 1
and shape 2 are essentially the same, but with different angle, and their spectra are indeed

similar; shape 3 and 4 are more complicated.

Comparing the reflection spectra of shape 1 and 2 in Figs. 102(a-b), a similar response
is observed for cores 1 and 2 but with a variation in magnitude and a response opposite
to that of core 3. More particularly, core 1 shows positive wavelength shift and core 2
negative for both cases while the core 3 shown positive wavelength shift for shape 1 and
negative for the shape 2. Considering that the fibre shape is same for shape 1 and shape

2, then core 3 is actually indicating the direction of the fibre.

For the reflection spectrums in Fig.102(c-d) the shapes are more complicated. However,
the fibre cores are responding in a similar manner to the two previous shapes, since the
direction of the shapes is the same as before (up and left). The first core is compressed
in both cases, and core 2 is strained in both cases. The FBGs in core 3, were strained,
when the fibre experienced an upwards direction, whereas they underwent compression
and a negative wavelength shift when the direction was to the left. Moreover, the
expansion of the spiral shape could be translated with the magnitude of wavelength shift.
For shape 3 the bend less severe than that in the shape 4, which resulted in a smaller

wavelength shift.
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We observe the potential of vectorial sensing by combining multi-core fibres and FBGs,
but we also note that it is necessary to use machine learning techniques if the precise

shapes are to be extracted, and this is under development.
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Figure 102: Response of the FBGs inscribed in different cores of the four core when undertaken to non-
uniform bending.
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d)

Figure 103: The fibre shapes corresponding to the FBG array responses presented in Fig. 102 a) Shape 1:
bend shape with direction upwards, b) Shape 2: bend shape with direction on the left, ¢) Shape 3: spiral
shape with direction upwards, d) Shape 4: spiral shape with direction on the left.
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8 Silicon-Core Fibre Optic Sensors

This chapter describes the work on the inscription of FBGs in semiconductor, silicon-
core fibres using visible femtosecond laser pulses. The inscribed FBGs were
characterised in reflection and calibrated for strain and temperature showing significantly

different responses compared to typical glass fibres.

This work was published in Optics Materials Express May 2017 and was presented as an
oral presentation at the Workshop in Specialty Optical Fibres (WSOF) in October 2017

in Limassol, Cyprus.
8.1 Introduction

The semiconductor core fibres have emerged recently as an interesting alternative to
planar silicon for a variety of optoelectronic application [224]-[226]. These fibres, are
produced either by high pressure chemical vapour deposition [227] or by a modified
glass-fibre drawing technique [228]. Silicon-core fibres drawn from bulk preforms have
been made with lengths up to ~100 m and core diameters down to 12 um [229], and
resonators, tapers and splices have been made of these fibres, using conventional arc-
based equipment [230]-[232]. Thermal annealing has been employed to reduce optical
losses [233], and dc above-gap radiation has been used to recrystallize fibres, both for
introducing high stress levels [234] in silicon cores, or for reducing optical losses in

germanium [235] cores.

In addition to the modification of the fibre core, the interface between the core and
cladding, or the entire fibre can be modified by appropriate choice of the laser source.
Above-gap CW illumination has been used to modify the band-gap [234] and
crystallinity [236] of the core and CO: lasers allow localized and reproducible heating
and cooling of the glass cladding, and several commercial fibre fusion/tapering systems
based on this effect are available for conventional fibres. CO- lasers have also been used
to create tapers in nylon fibres [237] and, more recently, in pure silica glass used for
gravity wave detector mirror suspensions [238]. Their use for recrystallization of the core
in both silicon-[229] and SiGe-core [239] fibres has been reported. Pulsed lasers have
been used extensively for the characterization of semiconductor-core fibres, but they can

also be used to modify the stress at the core-cladding interface.
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As the research in this thesis has consistently shown femtosecond (fs) lasers provide an
alternative route to the traditional UV laser-induced modification of optical fibres [240];
via “direct-write” methods that have been shown to be an extremely flexible inscription
process, producing high-resolution structuring of transparent and opaque materials. As
has been noted the former process is typically an interaction driven through multi-photon
absorption, and realized in the bulk material volume, whereas the latter is limited to laser-
induced perturbations confined to the laser’s penetration depth in the material. Given that
the typical pulse durations for the laser used in this research is <250 fs, one only needs
moderate, average laser powers one can produce extremely intense laser pulses. The
combination of the laser wavelength and short pulse duration ensures that rapid
absorption takes place in silicon at sub-micron depths and the material absorption
coefficient dramatically increases, concomitantly increasing the temperature at the laser
focus. As this occurs on a scale comparable to the laser wavelength, it is readily possible
to generate extreme temperatures (10% — 10° K) at the focus [241]. However, in contrast
to the aforementioned CO, modification, the femtosecond process is essentially “cold”,
as cooling rates are extremely high and the heat dissipation to the surroundings results in
re-solidification of molten material, a process that has been shown to lead to the
formation of amorphous silicon [242]-[244]. A significant obstacle for the realization of
Bragg gratings using fs lasers, and in particular the point-by-point and line-by-line
methods, is the need for precise inscription coinciding with the fibre’s longitudinal axis.
This is needed to maximize the overlap between the grating and guided modes;
demanding significant penetration into the core material [245]. In contrast, plane-by-
plane FBG inscription method can readily modify the silicon-glass interface, and leading
to stress modulation across the whole core [246], [247].

8.2 Fibre Fabrication

The fibres studied here were produced using a silica preform of 30 mm outer diameter
and a 3-mm coated bore was loaded with a bulk silicon rod, and heated above the
softening point of the glass, and well above the melting point of silicon. Drawing down
the glass formed a coaxial silicon core silica clad fibre with 125 pm outer diameter and
a 12 um core. The fibre was manufactured by Professor Ursula Gibson and her group in

Norwegian University of Science and Technology in Norway.

133



8.3 Fibre Bragg Grating Inscription in Silicon

All femtosecond laser inscription was undertaken at 517 nm and 5 kHz, with 220 fs pulse
duration and pulse energies of 100 nJ. At this wavelength there is no penetration into the
silicon, and linear absorption dominates, however the ultra-short pulses induce
significant thermal loading and introduce strain at the interface between the glass and the
core without significantly affecting the properties of the core material. The penetration
depth in silicon at this wavelength is limited to ~1 um, corresponding to an absorption
coefficient of ~0.9 um [248]. In these preliminary experiments, we used a pre-annealed
12 pm, single crystal core fibre [229], and exposed the side of the core to the 100-nJ laser
with a focal spot size measured to be ~1 um. The energy density was 100 kJ/m? (10
Jlcm?), a value that can readily result in the projected extreme temperatures at the laser
focus. During the inscription process, strong plasma generation in the region of the Si
core was observed as the laser swept across the core; this is consistent with the notion of
extremely high temperatures in the regions of high fluence. The laser beam was swept
transversely across the core at a velocity of 50 um/s, resulting in a mean exposure of 100
pulses/um; the fibre was displaced by a controlled step and this motion was repeated to
define a periodic modulation along the fibre length. This resulted in the fabrication of a
Bragg grating, which was probed in longitudinal reflection through the silicon core.

The periodic modulation of the core region occurred every ~1820 nm, corresponding to
an 8™ order grating; where it was determined that a silicon refractive index of 3.4408
would result in a grating close to 1565 nm. From the recovered spectra, our estimate for
the refractive index of the guided modes was indeed ~3.44, which is close to the expected
value; the index would drop slightly due to the overlap between the grating mode and the
core/cladding. Due to the large core diameter and depending on the launch conditions it
was possible to excite a number of modes, but it is also possible to excite the fundamental
as the primary sampled mode. Figure 104(a) shows the spectrum for a 2000-plane FBG
with a target reflectivity at 1565 nm where the reflected line-width is ~0.9 nm. In addition
to the expected grating reflectivity, we observed significant stress changes in the core
material resulting from the grating fabrication, and quasi-periodic stress relief in the glass

cladding.
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Figure 104: (a) Reflection spectrum from a 2000-plane grating written in the interface region of the
silicon-core fibre. (b) Transmission image of fibre grating showing 1.8 um period and additional features
with a spacing of ~20um. (¢) Image of the same region through partially crossed polarizers, showing
variations in the stress-induced birefringence. (d) Scans of the intensity vs. position along the images in
(a- black curve) and (b- red curve), along with the Raman shift of the silicon peak plotted on the same axis.
Insert shows an expanded region of (b) showing the grating period. There is a clear correlation between
the crack-like features, the birefringence in the glass and the residual strain in the silicon.

Figure 104(b) is a microscope image of one end of the grating region, using transmitted
light, showing the grating period, as well as some sharp aperiodic features extending
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away from the grating region. Figure 104 (c) is the same part of the fibre imaged through
crossed polarizers; the colour variations are due to birefringence. The grating lines in
glass, as well as quasi-periodic variations in the stress-induced birefringence can be seen.
Figure 104(d) shows intensity plots from the micrographs together with the Raman shift
of the silicon peak as a function of position in the same region. The Raman curve was
generated by measuring the Raman spectrum every 0.5 um, and plotting the position of
the Si peak (in cm™) as a function of position along the fibre. The Raman measurements
were made by our collaborators, Prof. Ursula Gibson and her group in Norway and noted
that the lateral resolution of the Raman measurement was ~4 um, so stresses associated
with the grating period could not be resolved. There is a clear overall increase in the
compressive strain in the vicinity of the grating and quasi-periodic Raman shift changes
that correlate with the larger features in Fig. 104(a), suggesting possible strain relief

through the formation of micro-cracks.
8.4  Silicon FBG Characterisation for Strain and Temperature

The silicon grating was initially connectorised with an SMF-28 pigtail using the UV-
glue method in order to be compatible with the optical equipment. A broadband light
source was connected to a circulator and the grating was illuminated. The reflection
spectrum of the grating was then recovered using the Advantest Q8384 OSA. The grating
was glued using super glue between two manual stages and steps of ~900 pe up to ~2800
ue axial strain were applied along the grating, leading to a response of ~0.23 pm/pe as
shown in Fig. 105. Compared with silica-FBG counter parts the sensitivity is reduced by
a factor of 4. The elasto-optic coefficient (p) of silica is 0.007873, whereas for silicon it
is 0.764132, as calculated using the Lorentz-Lorenz equation,

_(*=-1)(n*-2)
p= 3n* ’

(8.1)

where n is the refractive index of the core. By solving the strain equation,
A(e) =1 —-p)e, (82)

where ¢ is the applied strain. Solving the equation (8.2) using the coefficients of the
materials, the corresponding wavelength shift for the silica and silicon FBGs is 0.992127
and 0.235868, respectively, for 1 me, a factor of 4 difference, which confirms our

experimental results.
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Figure 105: Strain sensitivity of the silicon core FBG with the application of axial strain.

To measure the temperature response of the grating, the sample was placed inside to the

climate chamber. The temperature response was found to be 76.64 pm/°C and the

wavelength shift of the Bragg grating with the temperature is shown in Fig. 106.

Compared to glass, the silicon grating is approximately 11 times more sensitive.
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Figure 106: Temperature response of the silicon core FBG when subjected to temperature excursions from
30to 55 °C.

The thermo-optic coefficient and the thermal expansion of the silica fibre at 30 °C is
~8 x 10 and 0.5 x 108, respectively, whereas for the silicon the corresponding values
are 90 x10°3 [249] and 3 x 10°6. The wavelength shift of the Bragg grating when subjected
to temperature excursions can be evaluated using,

AA = (a, +ay)AT , (8.3)

where a,, is the thermo-optic coefficient, a, is the thermal expansion and AT is the
temperature difference. By solving equation (8.3) the temperature sensitivity for the

silicon grating should be ~11 times higher, our measurements indicate an improvement
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of ~7.6. The difference may be related to the glass fibre cladding surrounding the silicon
core for the following reasons. Firstly, the thermal expansion of the glass is 6 times less
than for silicon, but this effect is an insignificant contribution to these measurements, as
thermo-optic coefficient dominates. Secondly, the value of the thermo-optic coefficients
in the two materials assumes that the light traverses pure materials alone. However, in
practice the light at 1550 nm sees both the core and cladding materials, which would act

to reduce the thermo-optic response of the fibre structure.
8.5 Conclusion

Silicon is an important material; it forms the basis for current electronic chip technology.
The ability to couple to optical fibres is an important requirement for optical
interconnects that can combine optical and electronic technologies. The material
differences between optical fibres and on-chip silicon devices impair advances in high-
speed computing. Hence having silicon core fibres and demonstrating the incorporation
of key optical components in that fibre is extremely important, as now two issues are
being addressed, i) material differences and ii) the capability to incorporate optical filters
for off-chip WDM devices. In this work we demonstrated the first FBGs in silicon-core
fibres via the introduction of stress through the silicon fibre core, using a femtosecond
laser operating in the visible. The period of the stress modification zones was accurately
controlled utilising an 8"-order fibre Bragg grating operating at 1565 nm. The strain
sensitivity of the silicon grating was found to be ~4 times less than for silica fibre,
whereas the temperature sensitivity was ~7.6 times higher. The experimental results were
evaluated by comparing the thermal coefficients (thermo-optic and thermal expansion)
and the elasto-optic coefficients of the two materials.
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9 Polymer Optical Fibres with Unique

Properties

This chapter presents our latest achievements measuring the effects of temperature,
relative humidity, and pressure on a Bragg grating inscribed on a new type of non-
PMMA polymer optical fibre. The fibre was produced using a new, patented method
called the Light Polymerization Spinning (LPS) process that was designed to produce

fibres having a very low Young's modulus.

Different aspects of this research were presented at three conferences; POF Conference
2016 in Birmingham as an invited, oral presentation, POF Conference 2017 in Aveiro,
Portugal as poster presentation, and at the Workshop on Specialty Optical Fibres

(WSOF) 2017 in Limassol, Cyprus as poster presentation.
9.1 Introduction

Early in this thesis it was noted that PMMA is still the most employed material for POFs
[250], whereas TOPAS is promising because of its hydrophobic structure [251], and the
potential of high-Tg TOPAS [111]. Zeonex fibre was proposed as a material with high
Tg and good drawability, related to its optimal molecular weight and melt flow that
enable a more stable and controllable drawing [252]. In addition, there are the
polycarbonate (PC) fibres with Tg of 145 °C and that can survive higher stress compared
with other POF materials [250]. This thesis has focussed on CYTOP, as it is an important
material that is commonly used and commercially available for POFs and we have noted
that it offers significantly lower optical losses than the other polymer materials due to its
amorphous nature and the perfluorinated backbone [247]. We noted how POFs are
commonly fabricated with the aforementioned materials using a heated extrusion or
drawing process. For the former, a preform of the desired material is extruded at
temperatures exceeding 200 °C (>Tg) [253]. In the latter process, the preform is heated
and pulled under controlled tension, resulting in a drawn fibre thread. However, in both
cases an asymmetric temperature profile on the fibre may lead to non-uniform diameter
and asymmetric fibre properties that are undesirable. Annealing the fibre can enhance

the polymer’s thermal stability [250], which can provide a higher repeatability and
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increase the material drawability. However, the fibre extrusion process is a time-

consuming and rather inflexible manufacturing technique.

In this chapter, we consider a POF manufactured using a novel process, known as the
light polymerization spinning (LPS) process. In this method, there is no need for polymer
preforms, there is instead a process that combines liquid monomers and other additives
that are rapidly UV cured as the fibre is produced, which makes the POF manufacturing
process highly scalable and customizable, and where fibres with strain limits up to 800%
can be fabricated [254], [255]. The room-temperature LPS fabrication process allows for
new monomer combinations that are not yet available via more conventional POF
manufacture. Therefore, the unique mechanical characteristics of this fibre were studied,
including the Young’s modulus, storage modulus variations with temperature, humidity,
frequency, and the fibre thermal expansion using dynamic mechanical analysis (DMA).
An FBG was inscribed using the femtosecond laser inscription method and characterised
in reflection, along with its response to temperature, relative humidity, and hydrostatic

pressure.
9.2 New Polymer Fibre Fabrication Method

Figure 107 presents the block diagram of the LPS manufacturing process for developing
POFs. A liquid mixture of monomers and additives at room temperature are added to a
dosing system that regulates the amount of the mixture that is passes a spinneret. The
monomer is Bisphenol-Acrylate that has a low molecular weight and high refractive
index, which can result in high elasticity and good optical properties. Since the goal is to
produce optical fibres, the output of the spinneret defines the fibre shape. This liquid
monomer/additive mixture is polymerized with a UV lamp and with a circular cross-
section. Following the curing process, the polymer is stretched and texturized to obtain
the desired core diameter and cladding thickness. Finally, the manufactured fibre is
coiled onto a spool. Table 4 presents the optical characteristics of the LPS-POF analysed
in this work. The fibre was manufactured by Oleg Palchik and his company Tescolut
LTD in Israel.
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Figure 107: Block diagram of the LPS POF-manufacturing process.

Table 4: LPS-POF optical properties

Properties Values
Core/Cladding Composition  Acrylate based
Core Diameter (um) 580
Core Refractive index 154
Cladding Thickness (um) 20
Cladding Refractive index 145
Numerical Aperture 0.47
Attenuation at 660 nm
(dB/km) 2200

9.3 Mechanical Properties

The DMA measurements were made at Electrical Engineering of Federal University of
Espirito Santo, in Brasil, using a DMA 8000 (Perkin-Elmer, USA). DMA is a well-
established method for characterising the polymer response with parameter variations,
such as temperature, strain, frequency and humidity [256]. An oscillatory load is applied
to the polymer with controlled displacement and frequency, as the polymer is a
viscoelastic material [257]. For this reason, the LPS-POF response is analysed with
respect to its storage modulus that is the real part of the complex Young’s modulus of
the polymer [258] and its loss factor (tand), which is the ratio of the storage and loss
modulus of the polymer response [258]. Of course, stress-strain tests were made to obtain
the Young’s Modulus. Regarding LPS-POF configuration and geometry for the tests, a
single cantilever was used for oscillatory load tests, whereas, a tension configuration was

used for stress-strain tests.

The LPS-POF Young’s modulus was measured to only 15 MPa; this is up to 400 times
smaller than for typical polymer materials (Table 5) and certainly the lowest Young
modulus reported for any optical fibre. Such a low modulus can provide higher load
sensitivity and offers a potentially larger wavelength shift range for sensors based on this

type of POF, assuming that one can record FBGs. It would then be possible to obtain

141



sensors for physical parameters such as temperature [250], liquid level [259],
acceleration [260] and angle [257] with a sensitivity of a few orders of magnitude greater

than for the more conventional POFs.

Table 5: Young modulus for different POF materials

POF Material Young Modulus (MPa)
LPS-POF 15+1.2
PMMA 4.3x10°
TOPAS 3.0x10°
PC 3.0x10°
Zeonex 2.5x10°
CYTOP 6.5x10°

The DMA was made over a range of 25 to 160 °C with a temperature increment of
2 °C/min. Figure 108(a) shows the temperature characterization for the storage modulus
and the loss factor between 25 and 35 °C. The peak of the tand represents the Tg of the
polymer, which, in this case, is ~30 °C. Although it is a rather low Tg, the material
storage modulus is stable when the temperature exceeds 60 °C. Therefore, a POFBG
could be used as a temperature sensor, with greater stable for temperatures greater than
the material Tg. In addition, the decrease of the LPS-POF storage modulus shows a linear
behaviour, with a decreasing rate of -0.0124 MPa/°C; it could be used as a high dynamic
range, intensity variant temperature sensor, where changes in the fibre’s mechanical

properties with temperature result in fibre output power variations.

Additionally, strain cycles with different frequencies were performed on the LPS-POF
from 0.01 Hz to 100 Hz, in order to obtain the operating limits of the LPS-POF with
respect to frequency (Fig. 108(b)). The LPS-POF has a stable frequency response up to
21 Hz, and then, the storage modulus significantly increases. More specifically, for
frequencies up to 21 Hz the storage modulus was approximately 15 MPa, while its value
increased linearly at a rate of 5.51 MPa/Hz for higher frequencies. This large variation
of the material modulus with frequency will limit the use of LPS-POF for applications
that involve high frequency oscillatory movement, such as curvature sensors and
accelerometers [261]. The large variation of the material modulus at higher frequencies
is related to the molecular rearrangement of the polymer, which is influenced by the
polymer relation time; it is a viscoelastic material. On the other hand, the storage modulus

variations allow this fibre to be used as an accelerometer based on the intrinsic fibre
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variations. The mechanical features of LPS-POF enable sensors with greater sensitivity
than their existing POF counterparts [111], [252], [260], [262].

In Fig. 108(c), the humidity sensitivity of the LPS-POF is analysed using DMA from
75% and 95% RH, at a constant temperature of 26 °C (room temperature) and for a strain
cycle frequency of 1 Hz. The variation on the storage modulus was close to 8% and this
indicates that the LPS-POF has a hydrophilic polymer chain with similar moisture
absorption and swelling effects as PMMA. Although humidity sensitivity may require a
relative humidity compensation for temperature and strain measurements applications, it
also enables the use of LPS-POF as humidity and moisture sensors, where such high

variation on its storage modulus may result in a humidity sensor with high sensitivity.
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Figure 108: (a) Temperature response of the LPS-POF with respect to its storage modulus and loss factor
(tand figure inset). (b) Frequency response of the LPS-POF with respect to its storage modulus. (c) Relative
humidity response of the LPS-POF with respect to its storage modulus.

9.4 FBG Inscription in LPS-POF

The LPS-POF has a step index refractive index profile with 580 um core diameter and

core refractive index ni= 1.54; the approximate number of modes are [16],
ni—ny

A = n—l, (91)
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v ="2nV24, (92)

VZ
Mpymper = P 9.3)

where a is the core radius, n is the cladding index and A is the index difference between
the core and cladding (A = 0.05). This particular fibre supports ~190000 principal modes.
In order to minimise the excitation of all these modes, the spatial dimensions of the
gratings were limited using the plane-by-plane inscription method, as detailed described
in previous chapters. We selected grating planes with 30 um width, this is ~19 times
smaller than the core diameter and the total grating length was ~4 mm. The microscope
image of the grating at the centre of the core is shown in Fig. 109(a). Using the butt-
coupling method, the grating was illuminated with a broadband light source (Thorlabs
ASE730), and the reflection spectrum was measured using an Ibsen IMON (Fig. 109(b)).
The maximum peak wavelength was at 1560.23 nm for a 1.5-nm bandwidth. Due to the
high fibre attenuation, the sample length was limited to 4 cm.
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Figure 109: (a) Microscope image of the LPS-POFBG using the well-controlled femtosecond laser
inscription method. (b) Reflection spectrum (linear scale) of the LPS-POFBG as measured using a
commercial spectrometer (Ibsen IMON).
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9.5 Sensing Analysis of the LPS-FBG

In order to characterise the LPS-POFBG with temperature the grating sample was
connectorised using the UV-glue method with a multimode angle cleaved gradient index
glass fibre in order to establish a sufficiently “stable connection” for the measurements
and the other side of the fibre was fusion spliced with a SMF28 pigtailed, finally placed
in the climate chamber. The hydrophilic nature fibre meant that we kept the relative
humidity constant at 48% for 6 hours to overcome potential cross-sensitivity issues
between humidity and temperature. The temperature was increased from 22 °C to 37 °C
every hour and snapshots of the reflection spectrum were taken using the FBG
demodulator. The wavelength shift of the grating with temperature is shown in Fig. 110,
with a sensitivity of -521.3 pm/°C. The POFBG wavelength shift is approximated as

follows,
Mg =[A—-ple+ (a+DAT + (n+ B)AH]Ag , (9.4)

where Ag is the unperturbed Bragg wavelength, ¢ is the fibre strain and p is the photo-
elastic constant. Furthermore, to account for the temp\erature influence on the
wavelength shift, « is the thermal expansion coefficient, AT is the temperature variation
and { is the fibre thermo-optic coefficient. Regarding the humidity term, AH is the
humidity variation, g is the swelling coefficient and # is the normalized refractive index

variation with the humidity.

The grating has a negative response since it is an acrylate-based polymer, and this value
is several orders greater than of other POFs. For comparison, the temperature sensitivity
of PMMA-FBGs is -109 pm/°C [108], CYTOP-FBGs 17.6 pm/°C[263], Zeonex-FBGs -
24.0 pm/°C [252], TOPAS-FBGs -78 pm/°C [251] and PC-FBGs -30.0 pm/°C [250]. The
LPS-POFBG has a 4.5 times greater sensitivity compared to PMMA. To ensure the
correctness of our results the LPS-POF thermal expansion was measured using DMA for
constant stress. The thermal expansion coefficient was estimated as the fibre’s length
increased with respect temperature, where the ratio between the temperature and length
variation gives the thermal expansion coefficient. The results indicate that the thermal
expansion is ~4 times lower compared with PMMA (LPS-POF: 1.8x10° Kt and PMMA:
7.3x10° K1) [264], indicates that for LPS-POF the contribution of the thermo-optic
coefficient is significantly greater and its negative value augments the measured

wavelength shift for acrylate-based POFs (Eqg. 9.4). Hence, we can conclude that the 4.5
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times higher thermal sensitivity of the LPS-FBG makes sense, given the higher thermo-
optic coefficient. However, due to the strong mode mixing during the temperature

experiment, the response of the grating at higher temperatures was not possible.
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Figure 110: Wavelength shift of the LPS-POFBG for a temperature increase from 22 to 37 °C, with
constant humidity.

For the humidity characterisation, the temperature of the climate chamber was kept
constant (25x1.5 °C), and the relative humidity was increased from 50% to 90%, in steps
of 20%. The transition time for each level was 1-hour, and the relative humidity was kept
constant at each level for 6 hours prior to the next humidity step. The resultant grating
wavelength shift with humidity change is shown in Fig. 111(a) as a function of time; the
black line represents the LPS-POFBG wavelength shift, whereas the blue line shows the
humidity variation, as measured using the internal climate chamber sensor. It is clear that
the grating largely follows the humidity changes of the climate chamber. For the
humidity stabilisation tests, the humidity absorption time was ~1.5 £+ 0.25 hours (Fig.
111(b)), while the rejection time was ~ 2 £+ 0.25 hours. Figure 112(a&b) shows the
wavelength shift for humidity levels between 33 % and 95.5 % for two different modes.
As expected from the results presented in Fig. 108(c), the slope of the curve is positive
and the humidity sensitivity found to be 167.80 £ 17 pm/%RH for humidity levels 50%
to 80% and 347.10 + 33 pm/%RH for 80% to 95%. The best fit to the data over the
measurement range is a simple exponential regression, which could be used to calibrate
the sensor response. To our knowledge, this is the highest humidity sensitivity reported
with polymer fibres, since TOPAS and Zeonex are almost humidity insensitive [112],
whereas CYTOP, PMMA and PC have a humidity sensitivities of 14.7 pm/%RH [263],
39 pm/%RH [265], and 7.31 pm/%RH [262], respectively.
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LPS-POF FBG humidity stabilisation tests.
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Figure 112: LPS-POFBG wavelength shift with humidity at constant temperature for two different modes.

9.6 Conclusion

This chapter presented the characterization of a novel POF fabricated via the LPS
process, and having an ultra-low Young’s modulus (~15 MPa). Hence LPS-POF has the
potential for strain sensing applications, and the low Tg may not be problematic as the
material modulus is stable from 60 to 160°C, potentially leading to high temperature
polymer sensors. The LPS-POF displays a high variation in its mechanical response for
frequencies >21 Hz, which could have applications to accelerometers, whereas the low
storage modulus variation for frequencies <21 Hz could be useful for curvature sensing.
In addition, the LPS-POFBG had a high temperature sensitivity of -521 pm/°C; the
highest yet reported for POFBGs. The humidity characterisation also showed the highest
sensitivity among POFBGs that was related to the lower Young’s modulus, and hence
greater strain-related swelling. However, connectorisation issues currently limit the use
of this fibre, whereas mode mixing issues can be eliminated or largely reduced by using
smaller core LPS-POFs or using by decreasing the core diameter using tapering
techniques.
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10 Summary and Future Directions

This thesis has focussed on the development and inscription of advanced fibre optic
sensors using a femtosecond laser system. We have demonstrated a number of key
achievements in a range of areas that are related to the capabilities of femtosecond lasers
to induce refractive index changes in any transparent material through multiphoton

absorption, as explained in chapter 2.

The development of useable polymer optical fibre sensors in a gradient index multimode
CYTOP fibre and their demonstration for long length applications was the key
achievement with POF. As discussed in the first chapters of this thesis, a significant body
of work has already been published regarding the development of optical sensors in
polymer optical fibres and their use for numerous applications. These studies were
mostly limited to a few polymers, such as PMMA and TOPAS. The great weakness of
these particular polymers relates to their high attenuation losses particularly for
wavelengths in the range 1300 — 1600 nm, which limits the practical fibre lengths to a
few centimetres. Moreover, given there is only one commercial company that
manufactures single-mode POF, the future is not very promising for incorporating POF

sensing technology in real commercial applications.

On the other hand, for data transfer and telecommunications systems different
commercial POFs are available; some of them offer very good optical properties, such
as CYTOP. All of these fibres are designed for easy light coupling and so are available
as multimode designs. The mixing between the propagation modes of the multimode
fibres makes the development of sensors and sensing schemes with the particular fibre
extremely difficult. Furthermore, the very low photosensitivity of the promising CYTOP
polymer to UV radiation hinders sensor development. However, we have addressed both

of these challenges in this thesis.

In chapter 4, we developed, for the first time; usable FBG based optical sensors in a
commercial gradient index multimode CYTOP fibre. Using a femtosecond laser
inscription method, we had sufficient control of the grating/mode excitation overlap to
create ‘single-peak’ FBGs. This achievement allowed for the significant demonstration
of POF sensors operating in lengths exceeding six metres. Recent collaborations with a

French company Terre Armee have seen them use our sensors in fibre lengths exceeding
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60m, for real-world applications, which is a first. The research advanced from the initial
‘single-peak’ POFBGs to more complicated structures such as chirped gratings, fibre
Fabry-Perot cavities, and arrays of FBGs distributed along a single POF strand. The
POFBGs were characterised and calibrated for temperature, humidity, and strain, with
responses very similar to other POFBGs, with the exception of pressure measurements.
Polarisation dependent loss and the group delay for the chirped gratings were measured

for different inscription conditions and for the first time.

In chapter five, multiple POFBG arrays inscribed in long-length CYTOP fibres were
demonstrated as sensing strands for different applications. A POFBG array was used as
a quasi-distributed sensor on free-free beams to extract their mode shapes when vibrated
at their resonance frequencies and a comparison between the POF array and a silica
counterpart was made. The results showed the superiority of the POF sensors, showing
six times higher sensitivity to vibration. A POFBG array was used for health condition
inspection of a cantilever beam, where we observed the damage position on the beam
and the level of the damage by suspending different weights on the cantilever beam
surface. Finally, a POFBG array was utilised for plantar pressure monitoring when
embedded in a cork insole and the results showed significant sensitivity gain when
compared with silica counterparts. There are several issues that must be solved in order
to best utilise POF sensors, such as connectorisation issues, strain survivability, long-
term and thermal stability etc.; however, we consider that this work is currently the first,
most complete in the practical use of POF sensors and is highly promising, opening a
route to the commercialisation of the particular sensors. Similar applications would be
impossible with other POF-based sensors due to their severe length limitation, as
previously described. Additional work is required in the future to improve the strain

limits (>1.3%) of these sensors and better solutions for termination of the samples.

The thesis has also focused on the development of different optical sensors in glass and
soft glass fibres. As mentioned, the plane-by-plane inscription method offers flexibility
and controllability with respect to the inscription conditions, particularly compared to
other methods such as the phase mask and the point-by-point inscription. In the first
section of chapter six the optimum femtosecond laser parameters, such as the number of
pulses, pulse energy, repetition rate and inscription speed were established, and the
refractive index change was quantified, according to the resultant FBG spectrum. All the

results were normalised to the number of pulses per micron and shown that for the
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particular fibre that 80 pulses/um is the optimum ‘dosage’ for the stronger FBGs.
Moreover, it was demonstrated that the order of the gratings affected the strength of the
radiation/cladding modes, the bandwidth of the FBGs and the slope FBG peak. These
results were experimentally determined by inscribing a series of gratings using different
grating order and the same number of periods. Moreover, various optical devices were
written, such as chirped gratings, fibre Fabry-Perot cavities, chirped fibre Fabry-Perot
cavities, and opposite chirped fibre Fabry-Perot cavities, showing the flexibility of the
proposed inscription method. The specific work is the first study of this kind has provided
valuable results that could be used to commercially develop specialised femtosecond
laser-based FBGs.

We further extended the control afforded by the PI-by-Pl inscription method to develop
tilted FBGs inscribed in a Boron-doped fibre. By controlling the tilt-angle and the spatial
extent of the grating we selectively triggered cladding modes changes; as the tilt-angle
increased the cladding modes region shifted to smaller wavelengths. It is possible to
measure very small refractive indices, such as gasses (work under development and to
be reported in a future publication). Finally, chapter six concluded with the inscription
and characterisation of optical devices in a soft glass fibre fabricated with phosphate to
be biocompatible and used for bio-sensing applications. The reflection spectrum of
uniform, non-uniform FBGs and Fabry-Perot cavities was measured, while the behaviour
of the gratings for temperature and high humidity was also characterised. A uniform FBG
was characterised when the inserted in climate chamber for 52 hours with relative
humidity >95%.

Different optical waveguide sensor structures were described and presented in chapter 7.
A preliminary study was undertaken in the first section to observe the optimal inscription
conditions for waveguide inscription on the side of the fibre in terms of coupling
efficiency, and the circular shape. The output light for each waveguide was measured
using a profilometer and a laser operating at ~600 nm, for different coupling lengths,
inscription gaps, and starting positions. The process was extended by adding the
inscription of a Bragg grating on the cladding waveguide and its response characterised
for strain, curvature, and some values of refractive index was measured. Furthermore, a
compact cladding Mach-Zehnder interferometer was developed, for which a series of
inscriptions were utilised to achieve higher fringe visibility, while the structure was

further improved with the inscription of a Bragg grating in the MZI waveguide arm. The
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Bragg grating was characterised both for reflection and transmission, and the response
to temperature, and relative humidity was characterised. The MZI and WBG responded
differently to temperature variations, while for the humidity measurements the WBG
showed complete insensitivity whereas the MZI responded with a positive wavelength
shift. The structure co-locates two unique sensors and offers a structure that could be
used to address cross-sensitivity issues that are typical for optical fibre sensors. Finally
we presented waveguide inscription as a means to bridge a single core fibre with a four-
core fibre. For each single core of the four-core fibre, an FBG array consisting of three
FBGs was inscribed prior to the waveguide inscription and the reflection spectrum
growth was monitored as the waveguide size increased. The particular work is significant
both for communications and sensing. This is one of the few direct methods for linking
multiple fibre cores, which is important for spatial division multiplexing, and also for
sensing purposes since cross-sensitivity issues could be cancelled through the multicore

fibres and also could be used for shape or curvature sensing applications.

The last section of the thesis focused on the development of FBG sensors in novelty or
new optical fibres. A semiconductor fibre such as a silicon-core fibre was processed
using the femtosecond laser in chapter 8. The high-intensity femtosecond pulses of the
laser operating in the visible region were fully absorbed by the silicon core producing
locally extremely high temperatures. The suddenly increased temperature induced a
stress field thereby modifying periodically the core of the fibre to produce a FBG. The
particular FBG sensor shows low sensitivity to strain and almost eight times greater
thermal response compared with traditional glass fibres. In chapter 9, an acrylate-based
fibre was explored, which was manufactured using a new patented method allowing the
development of fibres with unique mechanical properties processed for FBG inscription.
The FBGs inscribed in the particular fibre showed very high sensitivities to temperature,
humidity, and pressure compared to all the other polymer and glass FBG sensors reported
in the literature. In both cases the fibres are completely new and the studies are continuing
since issues such as the connectorisation and handling are limiting further

characterisation and usability of the particular sensors.

In the realm of sensing, optical fibre sensors have shown many advantages compared to
conventional electrical sensors. The small size and thin design of the optical sensors
along with their immunity to electromagnetic fields and high radiation environments

makes them well suited for applications in harsh environments such as in high voltage,
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nuclear, high pressures, and at extremely high temperatures, where conventional sensors
cannot be used. If we add the benefits of sensor multiplexing, the future for optical fibre
sensors is highly promising. In addition, the optical sensors are capable of measuring
more than one parameter at the same time, more notably are sensitive to strain,
temperature, pressure, and humidity, whereas the measurement of acceleration and
vibration is related to strain measurement. With this in mind, the development of optical
sensor arrays in a single optical fibre cable for the measurement of broad range
parameters is a tremendous advantage compared to the conventional sensors. While in
the case of silica fibres the distance does not greatly influence the performance or the
sensitivity of sensors and this single array of sensors could be used to cover hundreds of
meters, enhancing this potential and the importance of optical sensors. Our work with
POF sensors has opened the potential for FBGs in POF to offer an alternative solution

for high resolution, short-range sensing.

The future direction of this research is currently focussed in three areas, the potential of
gas sensing using TFBGs and MZlIs, the development of apodised gratings and the
inscription of gratings in earth-doped fibres for fibre laser applications. With these ideas

in mind we note the following developments in each of the aforementioned areas.

There is great importance in developing accurate gas sensors for detecting harmful gases
(to human health), such as the Methane (CH4), Carbon Dioxide (CO.), Sulfur dioxide
(SO2), Ammonia (NHs), Nitrogen dioxide (NO>), Nitric oxide (NO), Carbon monoxide
(CO). All of these gases may be optically characterised by having distinct refractive
index differences of ~10° RIU. Thus, as shown in Chapter 6 and 7, we can achieve such
a small RI sensitivity using TFBGs and MZI structures. Using higher order TFBGs we
can significantly increase the cladding mode sensitivity, whereas MZI structures
inscribed in the cladding of the fibre have also demonstrated a greater sensitivity to

external index changes.

Apodised FBGs have a great importance in a range of applications, such as high and low
reflectivity in-fibore mirrors for fibre lasers, high-temperature sensors, and WDM
communication systems. Compared to uniform FBGs, the apodised gratings are
characterised by clear spectral profiles without significant side lobe peaks in the
reflection spectrum. By suppressing these side lobes complications such as crosstalk in
WDM systems, and linewidth broadening in high power lasers can be limited. In Fig.

113(a) we observe the reflection spectrum of a Gaussian apodised FBG inscribed in a
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polyimide glass fibre. The grating isolation is more than 16dB, the FWHM is less than
0.4 nm, while the grating has a reflectivity >80%.
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Figure 113: A) Gaussian apodised Bragg grating inscribed in a polyimide coated single mode fibre and
through the coating, B) Chirped Bragg grating cavity inscribed directly in a Er/Yb doped fibre in order to
create a monolithic fibre laser operating at 1560 nm.

Finally, we note that FBG inscription directly into active fibres as resonator mirrors
would improve the laser compactness, and offer further flexibility in design, as the laser
resonator is fully integrated into a monolithic structure. In addition, it potentially
improves the durability of the fibre laser as there are no splices to the FBGs, which could
generate failure under high optical pump and/or laser signal power. To address these
points, we inscribed a chirped grating cavity directly in an Er/Yb doped fibre (Fig.31(b))
and characterised a fibre laser configuration. The results have shown a slope efficiency
100 times higher compared to other already published reports with lasing wavelength at
1560 nm using fs-laser inscribed FBGs. We are trying to further improve the laser
efficiency whilst at the same time we are working with other rare-earth-doped fibres,
such as Thulium doped fibres.
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Appendix B Splicer Settings for Phosphate fibres

In this appendix presented the method of cleaving and splicing the Phosphate glass fibre

samples presented earlier in this thesis. The Table 6 presents the modified splicing

settings to splice single mode glass fibre with soft glass phosphate fibres using the

Fujikura 100P+.

The Fig. 113(a) presents the bad cleaving of the phosphate fibre using the microscope

camera of the fusion splicer. Figure 113(b) showing a good splicing performed after

modified the setting of the splicer to those shown in Table 6 while Fig. 113(c) showing

the resulting splicing using the default settings.

Table 6: Splicing settings for Phosphate fibre for Fujikura 100P+ fusion splicer.

Arc Power

Arc Time

Gap

Gapset position
Cleaning Arc

O - alignment
Alignment mode
Prefuse time
Overlap

Cleave angle limit
Loss limit

Cleave Shape error

-99 bits
100 ms
10 um
R-400 pm
OFF
OFF
Cladding
0 ms

10 um
10°

1dB
OFF

X
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c)

Figure 114: a)Bad cleaving of the Phosphate fibre b)Splicing using the modified setting shown
in Table 5 c) Splicing using the default setting of the Fushion splicer.
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