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This thesis presents the potential sensing applications of fibre Bragg gratings in
polymer optical fibres. Fibre Bragg gratings are fabricated in different kinds of
polymer optical fibres, including Poly methyl methacrylate (PMMA) and TOPAS
cyclic olefin copolymer based microstructured polymer optical fibores and PMMA
based step-index photosensitive polymer optical fibre, using the 325nm
continuous wave ultraviolet laser and phase mask technique. The thermal
response of fabricated microstructured polymer optical fibore Bragg gratings has
been characterized. The PMMA based single mode microstructured polymer
optical fibre Bragg gratings exhibit negative non-linear Bragg wavelength shift with
temperature, including a quasi-linear region. The thermal sensitivity of such Bragg
gratings in the linear region is up to -97pm/°C. A permanent shift in the grating
wavelength at room temperature is observed when such gratings are heated
above a threshold temperature which can be extended by annealing the fibre
before grating inscription. The largest positive Bragg wavelength shift with
temperature in transmission is observed in TOPAS based few moded
microstructured polymer optical fibre Bragg gratings and the measured
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temperature sensitivity is 250+£0.5pm/°C. Gluing method is developed to maintain
stable optical coupling between PMMA based single mode step index polymer
optical fibre Bragg gratings and single mode step index silica optical fibre. Being
benefit from this success, polymer optical fibore Bragg gratings are able to be
characterised for their temperature, humidity and strain sensitivity, which are
-48.2+1pm/°C, 38.310.5pm per %RH and 1.33+0.04 pm/pe respectively. These
sensitivities have been utilised to achieve several applications. The strain
sensitivity of step index polymer optical fibre Bragg grating devices has been
exploited in the potential application of the strain condition monitoring of heavy
textiles and when being attached to textile specimens with certain type of
adhesives. These polymer fibre Bragg grating devices show better strain transfer
and lower structure reinforcement than silica optical fibre Bragg grating devices.
The humidity sensitivity of step index polymer optical fibre Bragg grating devices
is applied to detecting water in jet fuel and is proved to be able to measure water
content of less than 20 ppm in Jet fuel. A simultaneous temperature and humidity
sensor is also made by attaching a polymer fibre Bragg grating to a silica optical
fibre Bragg grating and it shows better humidity measurement accuracy than that
of electronic competitors.
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1. Thesis Overview

Thesis Overview

The fibre Bragg grating was firstly discovered by Hill et al [1] in 1978. Since then,
the special properties and the potential applications of the fibre Bragg gratings
were widely investigated [2-4]. The primary applications are in optical
communication systems [5-6], sensing systems [7-9] and optical fibre lasers
[10-12]. Initially, the investigation of fibre Bragg gratings were based on the device
fabricated in silica optical fibres with numerous geometries. In recently years, this
research has been extended to the fibre Bragg gratings inscribed in polymer
optical fibres: Xiong et al [13] successfully wrote the first Bragg grating in step
index polymer optical fibre and Dobb et al [14] in microstructured polymer optical
fibres thereafter. Compared to its silica counter parts, polymer optical fibre has
several advantages, including easier handling, better inherent material
biocompatibility, higher thermal sensitivity, the ability to survive much higher strain

levels, and so on. Thanks to these advantages, Bragg gratings in polymer optical
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1. Thesis Overview

fibres may have better performance in some sensing areas than that of silica
counter parts, or may be implemented in sensing applications that silica fibre
Bragg gratings cannot. This thesis is concerned about the enhanced or special
sensitivities of the fabricated Bragg gratings in several POF with different

geometries and their potential applications.

The subsequent chapters in this thesis are listed as follows.

Chapter 2 introduces the background knowledge relating to fibre Bragg gratings,
including the theorems of gratings, grating fabrication techniques and the sensing

characteristics of gratings.

Polymer optical fibres are attracting more interest in its application in
telecommunication and even in sensing. Chapter 3 briefly introduces the
development path of the polymer optical fibre. This chapter also introduces
several kinds of optical polymers and their properties, especially the optical

polymer related to the content of this thesis.

Chapter 4 explains the basic concepts of photochemistry at the beginning and
review the articles related to the photosensitivity of PMMA based bulk materials

and polymer optical fibres.

Chapter 5 introduces the fibre Bragg grating inscription arrangement and
successful inscription in several different kind of polymer optical fibres are detailed.

The effects of the zeroth-order diffraction of a phase mask on the creation of

10



1. Thesis Overview

Bragg gratings in polymer optical fibres using the mask technique is also

discussed at the end of this chapter.

Chapter 6 is concerned about the research of humidity, temperature and strain
sensitivities of polymer optical fibre Bragg gratings. In this chapter, to enable the
polymer optical fibore Bragg grating working away from the optical bench, the
gluing coupling between polymer optical fibre and silica optical fibre is also

investigated

In Chapter 7, a collaboration work with researchers from University of
Southampton is detailed. Polymer optical fibre Bragg gratings are used to
measured strain in textile specimens. The quasi static tensile strain measurement
together with the long term tensile strain test of the specimen bonded with

polymer optical fibre Bragg gratings is conducted.

Chapter 8 gives the details of two more potential applications based on the water
sensitivity of polymer optical fibre Bragg gratings. A polymer optical fibre Bragg
grating device is proved to be able to detect realistic levels of dispersed water in
jet fuel; a compact silica and polymer FBG based dual parameter sensor element

shows well-conditioned response to humidity and temperature.

Chapter 9 is the summary of the thesis and proposes some suggestions for further

work.

11



1. Thesis Overview

This thesis is including a list of the author’s publications arising during the

progression of this PhD.
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2. Theory of Fibre Bragg Grating

Theory of Fibre Bragg Grating

This chapter provides a background introduction to theorems related to optical
fibre Bragg gratings. A brief introduction of the FBG fabrication techniques is also

given. Finally, the sensing characteristics of FBG are discussed.

2.1 Optical Fibre

An optical fibre is a cylindrical dielectric waveguide. It consists of a core which is
surrounded by a cladding layer. To confine the light guiding in the core, the
refractive index of the core n.,,. is greater than that of the cladding n.,; to form

the total internal reflection at the core cladding boundary.

One of the key parameters of optical fibres is Numerical Aperture which is

determined by the two indices [1],
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2. Theory of Fibre Bragg Grating

NA = nsinbmax = v N2pre — 204 (2.1)

where 6,,,, is the acceptance angle. The larger the value of NA, hence, the
greater acceptance angle, the more amount of light the fibre can collect and also

the wider the output beam will expand from the fibre end.

Another widely used key parameter is the V-parameter [2] which defines the mode

volume of the core region in step index fibre:

V= 2;’—“ N2y — N2=2maNA (2.2)

where a is the radius of the core region and A. is the wavelength in vaccum. For

single mode optical fibre, the value of the V-parameter should fulfilV <2. 405

2.2 Fibre Bragg Grating

Fibre Bragg gratings (FBGs) consist of a periodic variation of the refractive index
in the core of an optical fibre, which is normally produced by exposing the fibre to
a spatially varying pattern of ultraviolet (UV) light. The periodic structure, shown in
Figure 2-1 can couple a portion of light from the forward propagating core mode to
the backward propagating core mode. In 1978, K. O. Hill et al first demonstrated
the internal inscription of an FBG in silica fibre [2] and Z. Xiong et al were the first

to report inscribing FBG in polymer optical fibre (POF) in 1999 [3].
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2. Theory of Fibre Bragg Grating

Bragg grating
]
1 l Cladding
'&E <4 — ABroad — B

Figure 2- 1: lllustration of the diffraction effect of fibre Bragg grating.

For simplicity, the FBG can be taken as a perturbation to the effective refractive

index of the fibre core, which can be expressed as [4]:
a 21
Oneps(2) = Onrr (2|1 +vcos (22 +0(2) ) (2.3)

where dn.rs(z)is the “dc” index change spatially averaged over a grating
period, v is the fringe visibility of the index change, A is the nominal period, and

@(z) describes grating chirp.

The fibre grating is simply an optical diffraction grating. The equation 2.4

demonstrates the effect of the grating on an incident light wave at an angle 6,: [5]
nsinf, = nsinb, +m% (2.4)

where 6, is the angle of diffracted wave and m is the diffraction order. In an FBG,
the coupling is between modes travelling in opposite directions and so the

relationship between the two angles is 6, = —6;.

The core mode propagation constant equation
2 2 .
p = fneff = fncosmel (2.5)

was substituted into equation 2.4, where n., is the core index, allowing the

grating equation for guided modes to be rewritten as:

17



2. Theory of Fibre Bragg Grating

Br=Pr+m= (2.6)

where for the dominant first order diffraction in FBG, m= —1 . Furthermore, when
the propagation constants of the co and counter propagation core modes are
identical in value and opposite in sign, from equation 2.6, the familiar result for

Bragg reflection can be getting:

2.3 Coupled Mode Theory

The coupled mode theory is a quantitative model to describe the diffraction
efficiency and deduce the spectra of the optical fibre gratings. It simply and
accurately models the optical properties of most optical fibre gratings. The
derivation of such theory has been given in detail by many researchers. [6, 7] In
this section, the coupled mode theory will be used to explain the behaviour of

uniform fibre Bragg gratings and the derivation will closely follow Erdogan’s work.

[8]

The transverse component of the electric field in the ideal-mode approximation to
coupled-mode theory can be written as a superposition of the idea modes, which

are the modes in an ideal waveguide with no grating perturbation:
ET (x,y,2,0) = ZnlAn(2) exp(ifn2) + B (2) exp(—ifn2) by (x, y)exp( —iwt)  (2.8)

Where n is the label of modes, A4,,(z) and B, (z) represent the slowly varying
amplitudes of the nth mode travelling along the fibre axis direction (+z and -z

directions). In the case of a fibre containing a grating, the dielectric perturbation

18



2. Theory of Fibre Bragg Grating

induced by the grating causes the coupling between the modes. The amplitudes
A, (z) and B, (z) will evolve along the axis direction according to the following

two equations [8]:

dA

— = =1iX;4;(Dj +Dj7) ext{i( B — Bn) 4 +1i X; B;( D, — D) exp—i( B + ) 4
(2.9)

% = —iY;Aj(Df, — D%) exfi( B +Brn) 4 — i X Bj(Dfy +Df) exf—i(§ — Bn) 4

(2.10)

where Df, is the transverse coupling coefficient between the " and " modes.

In a Bragg grating, equations 2.9 and 2.10 can be simplified [7,8], as the dominant
interaction is the coupling between the two modes near the wavelength, for which
reflection from a mode of amplitude A(z) into an identical counter propagating

mode of B(z) occurs. This simplification can be expressed as:

WU _ 64 (2) +ikB'(2) (2.11)

dz_

Y = —i6B'(2) - ikA'(2) (2.12)

Apy @
The two amplitudes equations are given by A'(z) = A(z) %P2, B'(2) =

o ®
B(z) #F**2, where AB is the detuning, defined as:

1

0B = - =2mn, |t - = (2.13)

In equations 2.11 and 2.12, k is the ac coupling coefficient and & is the dc

self-coupling coefficient, defined by:
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6= AR +o— 42 (2.14)

2dz

where A is the Bragg grating period, 1; = 2n.sfA is the design peak reflection

wavelength for a grating with infinitesimally weak refractive index modulation.
(8nesr — 0)

For a uniform single mode fibre Bragg grating, én.rr is constant. Thus, k =
%vm, o= %W [8]and & are all constants. Assuming that the propagation

wave is incident from z = —co and there is no backward propagation wave exists

fromz >

N |

, (L is the length of the grating) the reflectivity can be found and the

reflectivity amplitude p of the uniform fibre grating is given by:

_ B'(—L/Z): —k sinh [ (kLP—( ABLY (2.15)
p A'(-L/2)  ABsinh\[(KLP—(ABLY +i\JkZ—(ABY cosh[(KLE—(ABY )
The power reflection coefficient is from R = |p?|:
R = sinh? \/(kL)2—(ABL)?2 (2.16)

—(Ak’;)z + cosh? \[(kL)2—(4B)2

Using the power reflection coefficient equation, different reflection spectral
responses can be plotted with different kL values, as shown in Figure 2-2. It
should be noted here that curves in the figure are plotted against the normalised

wavelength

A1
Amax  1+ABL/TN

(2.17)

where N = L/A is the number of grating planes. For a given kL value, the

bandwidth of a grating will decrease with increasing N.
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Figure 2- 2: Reflection spectral response versus normalized wavelength (1/4,,,,)for a uniform

Bragg grating with kL = 0.5, 1, 2 and 4.

Still from equation 2.16, when AB = 0, or at the wavelength A,,.x = (1 -ISHL‘*:),
the maximum reflectivity can be achieved, given by:
Ropax = tanh?( kL) (2.18)

The bandwidth for a uniform Bragg grating is the width between the first zeros on

either side of the maximum reflectivity. [8] From equation, it can be found:

ﬂ:"‘sneff\/l +(’1—d)2 (119)

A Neff vSneffL

The full width half maximum (FWHM) bandwidth can be approximated by: [9]

Mpyem z/lBs\/( on )2 +(%)2 (2.20)

2N¢o

where N is the number of the grating planes and for strong gratings s=~1 and for

weak gratings s=0.5.
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2.4 Methods for Bragg Grating Fabrication

Currently, there are four major different techniques for FBGs fabrication in
photosensitive optical fibres: Amplitude-Splitting Interferometer,
Wavefront-Splitting Interferometer, Phase Mask Technique and Point-by-Point
Inscription. The mechanism of the different inscription techniques will be

introduced separately.

2.4.1 Amplitude-Splitting Interferometer

The interferometer method for side inscription of FBGs was first demonstrated by
Meltz et al in 1989. [10] The configuration of a typical amplitude-splitting
interferometer for a high coherence UV laser source utilized in fibre Bragg grating
fabrication is shown in Figure 2-3 (a). During the inscription, the UV Laser beam is
divided into two equal intensity beams by the beam splitter and then these two
beams are reflected to intersect at angle 2¢ from two UV mirrors, while the fibre
was held at the intersection of the beams. The Bragg grating period is equal to the

interference fringe period, which is given by

A=-—2 (2.21)

- 2sin @

where A is the wavelength of the irradiation laser source.
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(a) (b)

Figure 2- 3: (a) A typical amplitude-splitting interferometer configuration for high coherence UV
laser utilized in the fabrication of Bragg gratings in optical fibers; (b) An improved amplitude

splitting interferometer for low spatial coherence source. [11]

Sometimes, a low spatial coherence laser source, for example, the excimer laser
is used. For this kind of source, the fringe pattern for laser beams produced by the
arrangement in Figure 2-3(a) will be in low quality, because there exists different
number of reflections in each optical path, leading to one interfering beam acquire
lateral orientation compared with the other one. The simplest solution is to
introduce another UV mirror in one arm to make the compensation to the beam

splitter reflection, as shown in Figure 2-3(b).

The advantage and disadvantage of amplitude-splitting interferometer are both
quite clear. The most important advantage of the interferometric method is that by
changing the intersection angle, this setup can write a Bragg grating at any
desired wavelength. However, like all other interferometers, entirely isolating the

optical components in the setup from mechanical vibrations and air flows is very
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important and actually is unachievable. Sub-micrometre displacements of the
laser beam caused by vibrations and air currents can affect the quality of the
interference fringe pattern, which lead to low fringe visibility, thus low strength of

the grating.

2.4.2 Wavefront-Splitting Interferometer

There are two typical configuration of the wavefront-splitting interferometer used
to fabricate Bragg gratings in optical fibre: the prism interferometer [12] and the
Lloyd’s mirror interferometer [13]; both interferometers are shown in Figure 2-4.
The dominant principle of this interferometric method is that if a collimated UV
beam is incident at a reflective surface, for example, a mirror or prism edge, then
half of the beam is reflected across the path of the incident beam so that there is
interference occurring in the region where the reflected and unreflected beams
overlap and the interference fringe pattern is focused to the core of the fibre by a
cylindrical lens. With a wavefront-splitting interferometer, the grating quality is less
affected by the environment, since the reduction of the optical components
together with the optical path in the system. It is easy to write Bragg gratings at
tuneable wavelength, however the tuning range is limited by the interferometer
arrangement. In addition, the length of the Bragg grating fabricated with this kind

of system is restricted to the half of the incident UV beam width.
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(a) (b)

Figure 2- 4: (a) Schematic of a Lloyd’s mirror wavefront-splitting interferometer; (b) Schematic of a

prism wavefront-splitting interferometer. [11]

2.4.3 Phase Mask Technique

The phase mask technique, which was first demonstrated in 1993 [14], may be
the most popular and one of the most effective methods for Bragg grating
fabrication up to now. This technique makes use of phase mask as a key

component of the interferometer to generate the interference pattern.

The phase mask is normally a fused silica plate, possessing an etched periodic

surface-relief pattern with period A,, and etching depth d, as shown in Figure

2-5.
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Figure 2- 5: Schematic of Phase mask. [13]

With anormally incident UV radiation, the phase mask diffracts the incident beam
into several orders, m=0,+1,+2... and the diffraction angle of the positive and
negative orders are equal. The plus and minus orders form an inference pattern,
which can be used to inscribe Bragg gratings in optical fibres. Normally, the near
field interference fringe patter, generated by +1 order diffraction is used. The

period of the Bragg grating fabricated by phase mask, A, will be one half of that

of the phase mask period, App,:

1

Ag =2 Ay (2.22)

To enhance the first order interference fringe visibility, other orders should be
suppressed, especially the zeroth order. To achieve the minimisation of the zeroth
order diffraction, the etching depth d of the relief grating in phase mask is

controlled to be:
p)
d="% (2.23)

where Ayy is the wavelength of UV irradiation. However, in this case, the beam

divergence of the laser source was not counted in, in the real world, the zeroth
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order cannot be eliminated and is typically less than 3% [15]. From this equation, it
can be concluded that in FBG inscription, for each UV laser source working at a

different wavelength, a different phase mask needs to be used.

The main advantage of the phase mask technique is that it reduces the
complexity of the fibre grating inscription system by using only one optical
component. In the whole system, though vibration and air drifts may still be
present, the system stability and reproducibility is greatly improved from the
interferometric technique. However, the producible wavelength of the grating is
fully depended on the period of expensive phase mask, though this main
disadvantage of the phase mask technique may be slightly improved by applying
strain to the fibre during FBG inscription to enable few nanometres tunability of the
inscribed Bragg wavelength [16]. Therefore, several phase masks are required for

writing grating at a range of operational wavelengths.

2.4.4 Point-by-Point Inscription

The first demonstration of the point-by-point technique for fabricating Bragg
reflectors was reported by Malo et al. [17]. This technique uses a UV pulse laser
or femtosecond laser to inscribe individual grating planes one step at a time along
the core of the fibre. A single pulse of light passes through a slit and then is
focused onto the core of the optical fibre. After the refractive index at the
irradiation point is changed, the fibre is translated a distance A, which is the
grating period, from the original place by a precision translation stage. This
procedure is repeated until the desired grating structure is obtained. The main

advantage of this technique is that the grating parameters, like period, length, etc
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can be adjusted flexibly, however, the accuracy control of the translation stage

movement is very crucial.

2.5 General Sensing Applications

FBGs are excellent elements in sensing applications, which is the main topic of
this thesis. The principle for using FBGs as sensing devices is that the Bragg
grating resonance (the central wavelength of back-reflected light from the grating)
depends on the effective refractive index of the core of the optical fibre and the
grating period. The effective refractive index, as well as the periodicity of the
grating, can be affected by changes in external measurands, principally strain and
temperature. Thus, the variation of the Bragg grating resonance wavelength is

related to the external measurands.

2.5.1 Temperature Sensitivity

The thermal response of the FBG, arising from the thermal expansion of grating
spacing and the thermal optic effect, results in a shift in Bragg wavelength. This

shift for a temperature change can be written as [18]:

where a, is the thermal expansion coefficient of the optical fibre and «, is the

thermo optic coefficient of the fibre. These two coefficients can be express as:

oA

o =+ (2.25)
_1om

o = -2 (2.26)
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For silica optical fibre, the thermal expansion coefficient is approximately
0. 55 x10° and for the germanium doped silica core fibre, the thermo-optic
coefficient is approximately 8. 6 x 10°. Hence, the typical temperature sensitivity

of silica optical fibre Bragg gratings at 1550nm is 10pm/°C. [19]

2.5.2 Strain Sensitivity

The shift of Bragg resonance wavelength is directly related to a change in the
grating period and the strain optic effect. The axial strain induced Bragg

wavelength shift is given by [18]:
nZ
Adp = 25 |1 - [p12 —v(m1 +pP10)]| & (2.27)

where p;; and p;, are the components of the strain-optic tensor, v is the
Poisson ratio, and ¢, is the applied longitudinal strain. In a typical single mode
silica based optical fibre, the strain sensitivity for 1550nm FBGs is 1.15pm shift in

Bragg wavelength when applying 1ue to the FBG. [19]

2.6 Summary

The mechanisms involved in optical fibre Bragg grating has been discussed in
detail. Different types of fibre Bragg grating fabrication methods have been
introduced. Finally, the temperature and strain sensing characteristics of fibre

Bragg gratings are presented.
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3. Polymer Optical Fibre Background

Polymer Optical Fibre Background

In this chapter, the development path of polymer optical fibres is reviewed. The
properties of several kinds of optical polymer used in polymer optical fibre
fabrication are introduced. The optical loss properties of polymer optical fibre are

discussed at the end of this chapter.

3.1 Introduction to Polymer Optical Fibres and Its

Applications

Polymer has attracted more attention as an optimal material for making optical
fibre recently [1]. Polymer optical fibre (POF) has exhibited increasing potential in

the future short distance moderate bandwidth data communication applications,
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for example, local area network [2], Fibre To The Home (FTTH) solutions [3], and

high rate data transmission in automotive industry [4], etc.

The first POF, with a step-index (SI) profile was invented by Du Pont in 1966 and
Mitsubishi introduce the first commercialized S| POF into the market in 1975, with
Asahi Chemical and Toray following thereafter [references]. Since then, the
transparency [5-6], the temperature stability [7-9] and the bandwidth [10-11],
which is the three key factors of optical fibre, have been greatly improved to be
sufficient for the use in the last hundred meters of high speed all optical networks.
The typical SI POF is large core multimode fibre made of polymethyl methacrylate
(PMMA) with diameter up to approximately 1mm. [2] At this diameter, it can still
remain highly flexibility, allowing easy handling and installation, good connectivity
to low cost sources, such as light emitting diodes (LED), thanks to its large
multimode core. However, the large core S| POF has its limitations of bandwidth,
as because of the large multimode core, modal dispersion is increased, extremely
degrading bandwidth to about several hundred megahertz over 100 m. One
approach to improve this problem is to change the refractive index profile in the
core region from step-index to graded index (Gl) [12]. The first GI POF was
reported by Ohtsuka and Hatanaka in 1976 [13]. As the modal dispersion was
controlled, material dispersion of POF becomes none negligible issue that
affected the transparency of POF. This is improved by the innovation of
prefluorinated (PF) graded index POF, of which the data transmission distance is
higher than PMMA SI/GI POF [14]. The PF Gl POF has been taken as a good
potential replacement of copper cable and already has several successful
application cases [15-16], for example, the 1 Gbit/s all PF GI POF based campus

LAN network of Keio University [15].
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Apart from the application of POF in data communications, its potential application
in sensing was also paid more attention by researchers in the past decades
[17-19]. Fibre optical sensors are able to offer several significant advantages over
conventional electrical sensors, some of which are listed as following: optical fibre
sensors are immune from electromagnetic radiation, which would make
conventional sensors fail or corrupt the received signal; optical fibre sensors can
transmit measurement optical signals a long distance and can be multiplexed in
only one optical fibre, driving down the cost of complex network configurations;
Optical fibre sensors are light and spark-free, etc. Numerous optical fibre sensors
have been demonstrated in many review articles [20-22]. As a type of optical fibre,
POF possess its unique advantages in sensing. The majority of POF for sensing
to date is based on PMMA materials. As a potentially low cost sensing solution, it
has several advantages compared with its silica counterpart, including ease of
termination, ease of handling, safe disposability, higher thermal and strain
sensitivity, [23] the ability to survive much higher strain levels, which will be
discussed in another section, and better inherent material biocompatibility, etc. A
huge variety of sensors have been made by utilizing POF, for example, sensor for
measuring strain and mechanical deformation [24-26], for structure health
monitoring [27-28], for humidity measuring [29-31], for detecting the presence of
ozone [32], for respiratory monitoring[33-34], for seat-occupancy recognition [35]

and so on.

In addition, FBGs, the favoured element with high sensitivity in temperature, strain
and pressure sensing, etc., which were originally developed in silica optical fibre
have been duplicated in POF in recent years [36-38], due largely to the

expectation that they will open up new applications where FBGs in silica fibres
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have not been suitable. They have already been shown to be more sensitive to
strain, temperature and humidity than is the case for silica FBGs [39-41] and
several practical applications of polymer optical fibre Bragg grating (POFBG) have

been developed. [31, 41-43]

In the recent years, the microstructured polymer optical fibre (mPOF) is innovated
on the basis of the success of photonic crystal fibres, [44] which utilise a pattern of
multiple tiny air holes that run longitudinally through the entire length of the fibre to
guide light. This kind of fibre possesses several important advantages over
conventional POF. The mPOF can be fabricated from a single polymer. The
different types of polymer materials, i.e. PMMA which is highly transparent, low
cost and widely used in POF; fluorinated polymers which have lower material
absorption [45]; TOPAS cyclic olefin copolymer (COC) which has less water
absorption [46]; Polystyrene (PS) which has a higher refractive index [47];
polycarbonate (PC) which has a higher glass transition temperature (T,) [48]; and
biodegradable materials [49], etc., gives the potential to change various properties
of fibres. This also gets rid of the restrictions related to the high glass-transition
temperature normally existed in silica optical fibre, which would allow organic or
inorganic dopants, working at low processing temperature, to be added into fibre
by various doping methods. For example, solution doping can introduce
rhodamine 6G, the organic dye into the polymer matrix and it has been used to
produce a microstructured fibre laser [50-51] and also used to increase
photosensitivity and the electro-optic coefficient of the fibre [52]. Quantum dots
and ferromagnetic cobalt nanoparticles have also been doped into the fibre by
powder doping method for the potential application in quantum dot-based fibre

lasers [53] and magnetic field sensing respectively [54]. Changing the geometry of
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the patterns of holes can easily get different type of fibres: step index/graded
index, single mode/multimode, solid core/hollow core, etc. The dispersion of the
fibre also depends on the particular geometry used, thus there is the potential for
tailoring the dispersion properties in a relatively straightforward way. As an
example, such fibre can display endlessly single mode behaviour [55-56]. In the
fibre, the holes offer a means of getting materials to be tested in contact with the
evanescence wave field in the core and this application is being developed for
biological sensing application, for example, the selective detection of
fluorophore-labeled antibodies [46]. Upon the successfully inscription of FBGs in
mPOF few years ago [38, 57], such biosensors can even potentially be made into
FBG based label-free sensor. The holes of mPOF can be coated with metal, like
silver to enable the fibre work as an absorption polarizer [58] or makes it suitable

for surface enhanced Raman scattering (SERS) experiments [59].

3.2 Properties of Polymer Optical Fibre

3.2.1 Chemical and Physical Properties of Polymer Optical Fibre

Poly methyl methacrylate (PMMA)

PMMA is the most commonly used material in POF fabrication. The basic
monomer of PMMA is methyl methacrylate (MMA). PMMA is constructed by such
monomers through polymerization, as shown in Figure 3-1. During polymerization,
the splitting of the carbon-carbon double bonds of the MMA allow the small
molecules to attach together to form a long chain molecule. The properties of

PMMA are listed in Table 3-1.
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Figure 3- 1: MMA and PMMA. [2]

Table 3-1: Properties of PMMA. [60-61]

Transmittance (Visible Region, 200 micron thick) 93 %
Refractive Index (589nm) 1.49
Abbe Number 58
Birefringence <20
Photoelastic coefficient -2.8~ -3.9x10-12Pa-1
Glass Transition Temperature 105-120°C
Melting Point iso 160 sys 200°C
Water Absorptivity(23°C /24 h emersion) 0.3%
Linear Thermal Expansion Coefficient 8x10-5K-1
thermo-optic coefficient -1x10-4K-1
Young’s Modulus 3.3 GPa
Tensile strength 65~73 MPa
Tensile extension ratio 3~5%
Yield strength 65MPa

37




3. Polymer Optical Fibre Background

Apart from the relatively high optical attenuation of PMMA, which will be discussed
in a separate section, the high water sorption capability (above 0.3wt% at 23°C) is
another major disadvantage [60, 62]. It makes PMMA based optical components,
for example, lenses, change their geometry and consequently affects their optical
performance. Furthermore, the absorbed water exists as impurities in the core of

the fibre, thus increases the attenuation loss in the fibre [63].

Another property worth discussing is the mechanical properties of PMMA. The
typical Young’s modulus for bulk PMMA is 3.3 GPa, which is much smaller than
silica fibres’ 73 GPa [64]. For PMMA based optical fibres, the modulus value can
vary [23,25,65-66] due to several possibilities: the various kinds of copolymers in
the fibre cores, the different processing conditions, the various molecular weight
distributions, the addition of plasticizers and so on. In FBG sensing applications,
the low value of Young’s modulus for POF normally do not give it many
advantages against its silica counterparts. However, in some specific applications,
the low Young’s modulus of POF does have advantages, for example, using
POFBG sensor to monitor a material with a low Young’s modulus and such

application will be detailed in Chapter 7.

The tensile properties of PMMA based POF is complex. The yield strain is
reported to be around 6% for PMMA fibre. [65-66] During the fibre drawing
process, the alignment of the polymer molecules along the axis occurs and it may
lead to inconstant mechanical properties at different drawing tension [67]. The
advantage of the tensile property of POF is that extremely high failure strains are
achievable. Silica fibres can possess a typical failure strain of 5-10% [68], which is
hard to achieve in practice and can be below 1% for cyclic loading over thousands

of cycles, while for polymer fibres the failure strain has been reported as high as
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over 100% [69]. To achieve such high value, the polymer optical fibre should be
drawn under low tension, as it has been proved in a work [69] that the drawing
tension could affect the magnitude of molecular alignment along the fibre axis,
thus affecting the failure strain and the higher the tension is, the lower the failure
strain will be. In addition, the fibre drawing at low tension also possesses low
tensile strength and low yield stress. [70] However, the properties of fibre drawn
under high tension can approach that of fibre fabricated under low-tension

drawing after an annealing process [65].

The main disadvantage of the tensile property of PMMA is that this material
exhibits visco-elasticity, leading to tensile properties of PMMA based POF
displaying hysteresis and timescale dependence. Yang et al [66] discovered the
hysteresis induced by the cyclic strain applied to PMMA based POF. In their
experiment, POF is stretched at the speed of 0.5%/minute in several cycles with
the same tensile strain and each cycle starts from the point where the stress has
released to zero in the previous cycle, as shown in Figure 3-2. The POF can relax

back towards its original length, when the sufficient recovery time is given.

Aston University

Hlustration removed for copyright restrictions

Figure 3- 2: The first, second, third and tenth cycles of the cyclic tensile strain testing of PMMA
fibre. [71]
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Large et al. [72-73] prove that the tensile properties of the PMMA based POF
possess timescale dependence. In one of their experiments, strain as high as 3%
is applied to the POF in the order of a minute and then released. After such
process, the POF can return to its original length quickly without any hysteresis
observed. In another experiment, they held the stretched state of a piece of fibre
for 10 hours before releasing. After that, they find the relaxation process is much
slower. For a strain of 1%, it takes 10 hours for the fibre to relax back to its original
length and for a strain of 4%, the fibre even cannot fully relax back in 10 hours. In
addition, the visco-elasticity of PMMA based POF may be less of a problem than it
seems, especially when POF is attached to a much stiffer structure for monitoring
purposes, the structure may well force the POF back to zero when strain is

removed.

TOPAS

TOPAS, manufactured by Topas Advanced Polymers GmbH is the brand name of
the cyclic olefin copolymer which is copolymerized from norbornene and ethylene
using a metallocene catalyst (see Figure 3-3) and it is an amorphous transparent

copolymer. TOPAS has several grades with different norbornene content.

Aston University

lustration removed for copyright restrictions

Figure 3- 3: TOPAS COC. [74]

The highly transparent resin possesses excellent properties in terms of low
birefringence, low water absorption (0.01% absorption, 24 hours immersion in
water at 23°C), high Abbey number, and high stiffness that are important in optical
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components. [74] In addition, it exhibits an improved melt viscosity [75] and high
tear strength [76] allowing better conditions for drawing of optical fibre than PMMA.

The properties of TOPAS COC are listed in Table 3-2.

Table 3-2: Properties of TOPAS COC. [74]

Transmittance (Visible region, 200 micron thick) 91 %

Aston University
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CYTOP

Cyclic Transparent Optical Polymer (CYTOP), shown in Figure 3-4 is the brand
name of the Perfluorinated polymer developed by ASAHI Glass Co. in
collaboration with Keio University, which has already been used in POF

manufacturing [77]. CYTOP based POF has lower attenuation and lower material
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dispersion than PMMA based POF from visible to near infrared region [2], which
gives it potential for short haul telecommunication links. Some of the properties of

CYTORP are listed in Table 3-3.

Aston University

ustration removed for copyright restrictions

Figure 3- 4: CYTOP. [78]

Table 3-3: Properties of CYTOP. [78]

Transmittance (Visible region, 200 micron thick) 95 %

Aston University

lustration removed for copyright restrictions
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3.2.2 Optical Loss Properties of Polymer Optical Fibre

The attenuation in polymer optical fibres is several magnitudes higher than in
silica optical fibres. The various mechanisms contributing to the losses for
polymer optical fibre have been examined, which are essentially similar to those
for silica optical fibres [79]. The loss factors are clarified into intrinsic and extrinsic,

as shown in Table 3-4.

Table 3-4: Loss factors for POFs

Intrinsic Extrinsic
Absorption Scattering Absorption Scattering
Higher harmonics of Rayleigh Transition metals Dust and microvoids
Scattering
carbon-hydrogen
(CH) bonds
absorption
Electronic transition Organic Fluctuation of core diameter

Contaminants

Orientational birefringence

Core-cladding boundary
imperfections

The intrinsic losses are mainly caused by the absorption and scattering loss of the
material itself which constitute the POF, while the extrinsic losses are coming from
the absorption and scattering losses due to impurities and defects, which can be
minimised by optimising the process conditions in POF fabrication. Hence, the
intrinsic losses should be the major loss contribution in polymer optical fibre loss

and will be detailed for the case of PMMA in this section.
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Vibrational Absorption of Core Materials

Molecular vibrational absorption bands exist in polymers, due to the different
chemical bonds, like C-H, N-H, and O-H within the material. The strong absorption
from higher harmonics of vibration of C-H bonds is the dominant absorption effect
in visible to near infrared wavelength region. Figure 3-5 show the high harmonics
of C-H absorption from the near-infrared to visible wavelength region in PMMA

core polymer optical fibres.

Aston University

lustration removed for copyright restrictions

Figure 3- 5: High harmonics of C-H absorption in PMMA. [80]

This graph gives such information that the transmission loss of the PMMA based
POF is increasing with the wavelength and indicates that the polymer optical
fibres could not be well functioned in medium and long distance communication
networks or sensing networks at 1300/1500nm telecommunication window as its
glass counterparts does, due to the significantly high attenuation (~10°dB/km) at

this wavelength. The loss comparison spectrum between several kinds of polymer
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optical fibre and silica optical fibore well defend such conclusion, as shown in

Figure 3-6.

Aston University

llustration removed for copyright restrictions

Figure 3- 6: Transmission loss spectrum of various kinds of fibres. [81]

This graph clearly demonstrated that the attenuation loss in the various polymer
optical fibres is significantly larger than that of silica optical fibres through the
whole wavelength range, especially at the two normal telecommunication
windows (around 1300 and 1500 nm) of standard silica optical fibre. As a result,
POF in communication networks have to operate in the visible wavelength region,
which is from 550 to 750 nm, with attenuation of approximately 100 dB/km and the
length of POF in fibre Bragg grating sensing devices is normally limited to few to
tens of centimetres, as to date most of polymer optical fibre Bragg gratings are

based on PMMA core POF and working at telecommunication windows.

45



3. Polymer Optical Fibre Background

This graph also shows several effective methods of improving the loss property of
POF. As in PMMA materials, hydrogen, which is the lightest atom, causes the
fundamental vibration of the C-H vibration at relatively short wavelength of 3.2 ym.
Hence, the harmonics can influence the attenuation loss in the visible region.
Replacing the hydrogen atoms in such material with more massive deuterium
atom can shift the wavelengths of the fundamental vibration and its harmonics to
longer wavelength regions, where loss due to Rayleigh scattering is low. This
process is called deuteration. Furthermore, if the C-H atom pairs within the
polymer are replaced by fluorine compounds with higher mass, like CF3 groups,
(perfluorination), the fundamental absorptions can shift to longer wavelength
region than that is obtained with deuteration resulting in the intrinsic attenuation
loss mainly due to a Rayleigh scattering contribution. Therefore, the losses of the
perfluorinated polymer, e.g. CYTOP, can be reduced in several orders of
magnitude than PMMA. In addition, the penetration of moisture into the polymer,
which normally happened in polymer containing hydrogen or deuterium [82], can

also be prevented.

Rayleigh Scattering

In the core of optical fibres, Rayleigh scattering is caused by structural
irregularities on a scale of less than the order of one-tenth of a wavelength. [83]
The irregularities are caused by changes in the material composition and
fluctuations of the material density. In the case of fully polymerised PMMA,
Rayleigh scattering is mainly caused by the fluctuations of the density. The

attenuation of the fibre results from Rayleigh scattering can be calculated by: [84]

YR = — 4n 8p2B(kTp) (3.1)
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where n is the refractive index, p is the photoelastic constant, § is the

isothermal compressibility, k is Boltzmann’s constant, A, is the guided

wavelength, Tr is the fictive temperature of the material. It can be conducted

from the Equation 3.1 that if the POF is working in the visible wavelength region,

the isotropic density of the core polymer is essential to the loss of the POF.

Electronic Transition Absorption

Polymers can absorb light in the ultraviolet region of the spectrum. The absorption
mechanism depends on transitions between electronic energy levels of the bonds
within the materials, caused by the absorption of photon energy which lead to
excitation of the electronic state of the materials. Though the electronic transition
peaks commonly appear in the ultraviolet wavelength region, their absorption tails

can extend into near infrared, hence influence the transmission loss of POFs.

In the case of PMMA core POF, there exists an n -11* transition due to an ester
group in the MMA molecules, an n— o transition of chain transfer agent, and an
-Tr* transition of an azo group when azo compounds are used as a polymerization
initiator. The most significant absorption is attributed to the transition of the n -1r*

orbital of the double bond of the monomer [80].

3.3 Conclusion

Firstly, the development history of polymer optical fibres is reviewed at the
beginning of this chapter. Secondly, the chemical and physical properties of

several optical polymers like PMMA, TOPAS COC and CYTOP based polymer
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optical fibres are briefly introduced and listed. The water sorption and tensile
properties of PMMA based polymer optical fibre are highlighted and discussed, as
these properties are very important to the sensing applications of polymer optical
fibre Bragg grating. Finally, the attenuation mechanisms in polymer optical fibres
are detailed and the intrinsic losses including vibrational absorption, Rayleigh
scattering and electronic transition absorption, which are the major loss
contribution in polymer optical fibre are discussed separately for the case of
PMMA. From the reviewed works, it is not hard to find the attenuation of the
polymer optical fibre is still greatly limiting its role in both telecommunication and
sensing applications, as this high attenuation compared to silica fibre results in a
practical limitation to the distribution length of a POF-based communication or
sensor network. The most reliable solution to improve the transparency of polymer
optical fibre should concentrate on discovering and synthesizing novel low loss

optical polymer system for fibre fabrication.
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Photosensitivity of PMMA Based

Polymer Optical Fibre

In this chapter, several basic concepts of photochemistry are explained. The
literature review of the photosensitivity of PMMA based bulk materials and

polymer optical fibres are then conducted.

4.1 Introduction

PMMA is the most important material in this work, as the POF used for FBG

fabrication is mainly based on this kind of material. It is necessary to explain the

57



4. Photosensitivity of PMMA Based Polymer Optical Fibre

UV photosensitivity of PMMA, which is a very important property of the material
for writing Bragg gratings. UV Photosensitivity is the ability of the UV light to
induce refractive index change to the material. In this chapter, several basic
photochemistry concepts will be explained. A brief introduction to the mechanisms
of photorefractive effect of PMMA based bulk materials and fibres will be given in

category of doped and undoped materials.

4.2 Fundamental Concepts of Photochemistry

Before starting over the introduction, several concepts relating to polymer
chemistry which are the prerequisites to understand the whole chapter need to be

briefly introduced:

Photo-degradation

Photo-degradation of polymer is kind of primary structure change due to
irradiation of light. For polymers with chromophore, which is the light-absorbing
group, backbone scission results predominantly from this direct absorption of light
energy. [1] For polymers with impurities, which can absorb energy from light,
scission of a chemical bond induce by light gives free radicals and is followed by

reaction of these highly reactive free radicals with atmospheric oxygen. [1]

Photo-polymerization

In polymer chemistry, polymerization is the process of linking monomer molecules
together in a chemical reaction to form three-dimensional networks or long

polymer chains (macromolecules). [2] Polymerizations can be classified into step
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and chain polymerizations. Step polymerizations proceed by the stepwise reaction
between the functional groups of reactants as in reactions, which occurs between
any of the different-sized species present in the reaction system. In chain
polymerization, an initiator is used to produce an initiator species with a reactive
centre, which may be a free radical, or ion. Polymerization occurs by the
propagation of the reactive centre by the successive additions of large numbers of
monomer molecules in a chain reaction. [2] The growth of the polymer chain can
be terminated, when the reactive centre is destroyed by one or more of a number

of possible termination reactions.

Photo-polymerization is a kind of chain polymerization. With this technique, the
syntheses of polymers by chain reactions are initiated upon the absorption of light
by a polymerizable system or the polymerization of the small amounts of
photoinitators which is added into the formulation. Both radical and ionic chain
polymerizations can be photoinitiated, depending on the appropriate type of
initiators and monomers being used. In the case of already polymerized materials
residual monomers in the polymer matrix can be photo-polymerized or lead

cross-links between macromolecules. [1]

Photo-crosslinking

In polymer material system, the formation of intermolecular cross-links, for
example, the covalent bond or ionic bonds between different polymer chains,
combines all of the macromolecules to form a three-dimensional network structure.
[3] Polymer chains are restricted from sliding by cross-linking, so that the average
molecular mass, thus, the density of the material therefore increase. The

cross-linking reactions in polymeric system can be performed by different
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methods, which rely on reactions of electronically excited pendant groups on the
polymer chains or on reaction of various kinds of reactive species in the ground

state that are photo-generated. [1]

Photo cross-linking is usually considered as a radical chain reaction where the
initiation step is produced by a photochemical effect. Such photoinitiated
cross-linking can be achieved through different pathways: an attack on
macromolecules by free radicals, or the reaction of electronically excited
photoinitiator molecules with lateral functional groups, or the reaction through

pendant photofunctional groups (i.e. acrylate) [3] of the polymer, etc.

Photo-isomerisation

In chemistry, isomerisation is the process that one molecule is transformed into
another molecule, which has exactly the same chemical formula but different
arrangement of the atoms within the molecules, leading to different properties (i.e.
refractive index modulation). Such molecules with this ability are called isomers.
Most of the isomers that will be mentioned in this chapter are frans-cis isomers.
Isomerisation of optical isomers can be activated by irradiation, leading to so
called photo-isomerisation. The polymer doped with optical isomers will become
photosensitive, as these isomers exhibit different refractive indices in their

different isomer states.

4.3 Photosensitivity of PMMA Based Bulk Materials

Before looking at the photosensitivity of PMMA based POF, the historical review
of photosensitivity in such bulk materials is necessary.
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4.3.1 Photosensitivity of Undoped PMMA Materials

4.3.1.1 193nm and 248nm UV Irradiation

The refractive index modification of PMMA by UV laser light at 193nm and 248nm
was reported by Wochnowski et al in 1999. [4] The PMMA samples were
irradiated in a vacuum chamber, where a mass spectrometer was integrated to
examine the defragmentation products ablated. After irradiation, the PMMA
samples were studied by XPS and FTIR spectroscopy. In addition, the refractive
index modification information was measured. In this experiment, the laser
induced photochemical reaction in PMMA is photodegradation, as shown in

Figure 3-1.

Aston University

Hustration removed for copyright restrictions

Figure 4- 1: Degradation scheme of irradiated PMMA [4]
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248nm

The PMMA sample was initially irradiated by UV radiation at 248 nm and a low
fluence of 15mJ/cm?. After this process, being able to detect a free methyl formate
radical indicated that the complete side chain scission was observed. Furthermore,
after continues irradiation at a fluence of 30mJ/cm? or higher, the degradation of
free esther radical either into methane and CO, or into CO and methanol was
detectable by means of mass spectrometry and spectroscopy. Finally, during the
period of the prolonged exposure at 248nm, a radical electron forms due to the
complete separation of the side chain of PMMA and it destabilized the polymer

main chain leading to its scission.
193nm

Irradiation by 193nm can only cause a partial separation of the side chain. No
radical electron was created and hence, no main chain scission occurred, during

the degradation process.

Refractive index of the PMMA samples after irradiation at either wavelength
increased, due to the side chain separation, as shown in Figure 4-2. Following the
removal of side chains, molecules in PMMA are contracted by Van der Waals
forces, [5] leading to local mechanical density increasing. Figure 2 also gives the
following information: Firstly, by comparing between the refractive index variation
of 248nm and 193nm irradiated samples, the more side chains are separated, the
more the refractive index will be increased; Secondly, the falling of the refractive
index at high irradiation may be explained by the degradation of the main polymer

backbone. Conducted from the graph, the main chain stability of the 193nm UV
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irradiated sample do better than that of 248nm one, which is consistent with the

previous observation.

Aston University

Hustration removed for copyright restrictions

Figure 4- 2: Refractive index maodification of irradiated PMMA [4]

4.3.1.2 325nm UV Irradiation

In 1970, Tomlinson et al. reported a photosensitivity of PMMA materials at 325nm
UV radiation. [6] In their experiment, to achieve the significant increase of the
refractive index of the irradiated sample, the correct preparation process of the
PMMA was essential. This involved a pre-process of oxidation of the monomer
methylmethacrylate (MMA), before the PMMA was prepared with distilled
monomer at 40°C in an oxygen free environment and the polymerisation was
initiated by a 254nm mercury (Hg) lamp or using chemical imitator
azobisisobutyronitrile (AIBN), in the concentrations of 50-200 mg/liter. The
oxidation was done at different levels, for low levels by auto oxidation in the dark
environment, or for higher levels by stirring the distilled monomer with presence of
air, for 48 hours while irradiating the sample with a 5 W low pressure Hg lamp. No
photosensitivity on UV irradiation was observed from the freshly distilled liquid

monomer without pre-oxidation step. To be noted here, the grating fabricated in
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this way required around 200 hours for self-developing, before reaching a
constant refractive index state and during the developing period, heating the
sample at certain temperature can increase the final refractive index change. [7]
Index changes of up to 3x107 along with a recording spatial resolution better than
200 nm were observed by Tomlinson et al, accompanied by a density increase of
0.8%. They claimed that the dominant effect arouse the change of refractive index
was mainly due to density increase, as no evidence of growth in molecular
polarizability was observed, and they also speculated that the density increase
was due to cross-linking as peroxide products were working as cross-linking
agents. The density increasing on irradiation was also confirmed by Bowden et al.
[8]. They found that weakly photosensitive samples had higher densities than
those strongly photosensitive ones and heating samples to 100°C can also cause
an increase in density and removing the photosensitivity at the same time. They
concluded that the mechanism responsible may be induced by the polymerization
of unreacted monomer in the sample, photoinitiated by the peroxide. They proved
such mechanism by using electron spin resonance, and the experimental results
indicated that the concentration of free radicals increased more than an order of

magnitude after irradiation.

4.3.1.3 Femtosecond Laser Induced Photosensitivity

When the sufficiently high intensity femtosecond (fs) laser beam is focused into
the PMMA material, which is transparent to the fundamental wavelength of the fs
laser, the absorption of the radiation by PMMA at the focus will occur via effects
like multiphoton ionization. This significant optical absorption leads to irreversible

modification of the composition of the PMMA and consequently, it alters the
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refractive index inside the material. Up to now, the modification mechanism of
PMMA irradiated by the fs laser is still not fully discovered. Recently, almost all the
studies on the fs laser irradiation induced photosensitivity in PMMA are reported
according to the refractive index change of the material (An). Zoubir et al
demonstrated that tubular waveguides with negative An =2 x10"3 were
fabricated inside in a slab of PMMA using a Ti:sapphire (800nm, 30fs, 20-nJ/pulse)
laser with high repetition rate of 25MHz. [9] However, Sowa et al fabricated the
first symmetric waveguides in PMMA with positive An = 4. 6 x10* by fs laser
(85 fs, 800 nm, 1 kHz, 27-nJ/pulse). [10] To be noted here, the different
plus-minus sign of An could be due to different repetition rate of fs laser, PMMA

composition or other undisclosed reasons.

The mechanism of the refractive index change has been studied and discussed in
many works. Sowa et al explained the mechanism merely as chain scission
causing volume contraction. [10] Moreover, in another work, they explain the
volume contraction as being due to the thermal expansion causing tensile stress
to the surrounding area [11] Wochnowski et al wrote volume gratings in PMMA
with a fs laser (140 fs, 775 nm, 1 kHz, 800 uJ/pulse) and claim the multiphoton
process raised by fs laser may be similar to the one-photon modification process
induced by ns UV-excimer laser radiation, [4] in which the exposure dose
determines a combination of crosslinking and degradation. [12] Recently, upon
the success of their previous work in discovery of fs laser induced
depolymerisation modification of pure grade PMMA, [13] Baum et al presented a
detail investigation of the modification mechanism. [14] They confirmed the
positive An was due to a combination of depolymerization and crosslinking. They

tried to determine the contributions of detected photochemical changes
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corresponding to the observed An by using various analytical techniques and
their results indicated that both depolymerization and crosslinking contribute to the
index change with similar magnitude (An =35 x107> for each component),
however the sum of the two magnitudes were unable to explain their previous
presented total measured refractive index change, which was up to An = 4 x1073
[13]. This suggested that other undisclosed effects related to the modification

might exist.

4.3.2 Photosensitivity of PMMA With Photo-chemically Active

Dopants

PMMA materials doped with some photochemically active compounds will show
photorefractive effect under UV irradiation, thus photosensitivity will be introduced
into PMMA. The photochromic compounds, Azo dyes were doped into PMMA to
induce photosensitivity. Azo dyes exist in two spatial forms, the trans and cis
configuration. A trans-cis isomerization can be photoinitiated by interaction of the
photoactive azobenzene with light. This results in a change of the molecular
polarizability, leading to a change in refractive index. [15] Tanio et al studied the
photo-induced refractive index change of azobenzene doped PMMA films. [16]
Azobenzene has an intensive absorption at 320nm due to pi-pi* transition and
when azobenzene was exposured to UV light at higher wavelength (350-410nm),
the absorption decreased. Along with the decrease in absorption, the refractive
index of the film decreased. In addition, the refractive index change correlated well
with the amount of the isomerization of azobenezene. Other compounds, like
stilbene can also be used to induce photosensitivity in PPMA. Immamura et al

investigated the trans- to cis photoisomerisation of 313nm polarised UV light
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irradiated PMMA material, containing the stilbene compound, 4-methoxystilbene.
[17] The optical nonlinearity increases with the isomerization from tans- to cis-
structure, hence it causes the decrease of refractive index of PMMA material
matrix containing the stilbene derivative side chain in the main chain backbone,
[18] as the refractive index of stillbene compounds at trans- structure is higher

than that of cis- structure.

4.4 Photosensitivity of PMMA Based Polymer Optical

Fibres

Since 1990s, FBGs have been fabricated on PMMA based POF by several
research groups, most of which use UV laser at 325nm. During the inscription
process, unlike the long self-developing period of grating inscribed in PMMA bulk
sample, grating in POF usually appears in a few minutes to an hour, depending on

the chemical constituent of fibre core material.

Xiong et al reported the first POFBG in their home made step-index POF in 1999.
[19] At the fibre preform preparing stage, to increase the photosensitivity of the
core of their fibre, the core monomer, which contain methl methacrylate(MMA),
ethyl methacrylate (EMA) and benzyl methacrylate (BzMA), was prepared with
low level lauryl peroxide (initiator) and low chain transfer agent and polymerized at
the temperature lower than glass transition temperature of the polymer preform.
POF Grating with approximate reflectivity of 80% was written on the fibre by using
325nm light from a frequency-doubled MOPO pumped by a frequency-tripled

Nd:YAG pulse laser and an interferometer setup. The magnitude of estimated
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refractive index change was 10~%. No evidence of the index alteration mechanism
was given by the authors, who only mentioned that the index increase might due

to cross linking or polymerization initiated by the UV light.

To understand the POFBG formation dynamics, a further study of the grating
inscription process was carried out by people from the same group. [20] In this
experiment, FBG was fabricated in the fibre with BzMA doped PMMA core and
PMMA cladding by using 325nm light from the same pulse laser with intensity of
60 mw/cm? as before (pulse width: 5 ns, repetition rate: 10 Hz). In the first 62
minutes, the refractive index modulation increase approximately linearly to
0. 2 X103 in a slow process. The authors claim that the grating formed at this
stage was Type | POF grating, by analogy with silica FBGs [ref]. During the
fabrication process at this stage, the reflection spectra and transmission spectra
were complimentary, indicating low losses was induced by the Type | POF grating
and in addition, the blue Bragg wavelength shift was observed, which indicated
that the index change induced by Type | grating is negative. After 62 minutes, the
index increased rapidly into 2 x 1073, The authors took the grating at this stage
as Type Il grating. Comparing with the spectra of Type | POF grating, the spectra
of the Type Il grating possesses broader bandwidth and larger losses at short
wavelength region. After the fabrication finished, the Type Il POF grating was then
observed under microscope and the apparent damage at the core-cladding
interface was observed, indicating that the Type Il POF grating and the Type I
silica grating have similar characteristics. Apart from this work, authors also
observed another totally different growth behaviour at lower power UV exposure
(45mw/cm?) by using the same experiment set-up. [21] During the inscription

period, the reflection power of the grating spectra grew continuously in the first 28
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minutes and kept roughly constant in the next 20 minutes. After these two stages,
the reflection started decreasing and at 88 minutes, the reflection peak of the
grating spectra was near disappeared. Meanwhile, the UV illumination was
stopped at this point, with the grating spectra monitoring system still working and
the authors found that the POFBG gradually regenerated to the constant
maximum reflection in 8 hours. They could not explain this growth behaviour with
proof and only speculated the regrowing phenomena of the POFBG might be due
to the relaxation of the thermal stress with time, which might induce refractive

index change.

The discovery of the photosensitivity of commercially available singe mode step
index POF was achieved by Harbach et al recently. [22] The core of this kind of
fibre was doped with polystyrene to increase the refractive index and FBGs were
fabricated in the core of the fibre by using a 308nm pulse laser. They speculated
that the photosensitivity is induced by the doped polystyrene copolymer, which

acted as absorption centres that then lead to photo-thermal degradation. [23]

Furthermore, nominally pure PMMA based POF even shows photosensitivity,
which up to the date, still cannot be entirely explained. Dobb et al [24] first
presented the FBG fabrication in this kind of single material (pure PMMA) based
single mode microstruced POF by using a 30mW 325nm CW He-Cd laser and
phase mask technology. During inscription, the grating normally takes 30-60
minutes to reach saturation and the grating strength is quite stable in a long period
after irradiation. The mechanism of this observed photosensitivity need more
research as it looks quite different from that of observed in bulk PMMA by

Tomlinson etc., which requires a long time for auto-development.
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In recent years, people also attempted to add photo reactive dopants into the core
of the fibre to improve the photosensitivity of POF and have already achieved
success: Luo et al [25] doped the photosensitive dye, benzildimethylketal (BDK)
[26-27] into the core of the PMMA POF and fabricated FBGs in such fibre with a
355nm frequency-tripled Nd:YAG pulse laser (10 Hz, 6ns pulse width). Yu et al
[28] and Zhang et al [29] were able to fabricate FBGs in
Trans-4-stillbenemethanol doped POF, which is one member of stilbene
derivatives [30] by using frequency doubled 532nm pulse laser pumped, 325nm

pulsed dye laser and 325nm CW He-Cd laser respectively.

4.5 Conclusion

A brief review of the photosensitivity of the PMMA based bulk materials and
polymer optical fibores was conducted in this chapter. To start with, several
fundamental concepts of photochemistry were introduced, including
photo-degradation, photo-polymerization, photo-crosslinking and
photo-isomerisation. The photosensitivity of PMMA based bulk materials and

PMMA based optical fibres were then reviewed, as shown in Table 4-1.
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Table 4-1: Photosensitivity of PMMA based bulk materials and PMMA based optical fibres

Undoped PMMA Bulk Materials

Material Type Undoped PMMA Bulk
Light source 193nm and 248nm UV 325nm UV Femtosecond Laser
Photo- Photo- crosslinking
crosslinking,

e and
Photosensitivity Photo-degradation

Mechanism Photo- Photo- degradation
polymerisation (Not fully discovered)
Doped PMMA Bulk Materials
Material Type Doped PMMA Bulk
Dopands Azo dyes Stillbene compounds

Light source 350-410nm UV 313nm UV
Photosen§|t|V|ty Photo-isomerisation

Mechanism

PMMA Based Polymer Optical Fibre

Material Type PMMA Based Polymer Optical Fibre
Trans-4-stillbene
Dopands BzMA Polystyrene N/A methanol
Light Source 325nm Pulse 308 Pulsed 325nm CW 325nm Pulse
Photo-
Photosensitivity crosslinking, Photo-thermal Not fully Photo-
Mechanism degradation discovered . _—
Photo- isomerisation
polymerisation
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In conclusion, some of the mechanisms that induced photosensitivity to PMMA
have been explained, however, there is clearly still a lot of research to be done to

disclose those complicated cases.
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Bragg Grating Inscription in

Polymer Optical Fibre

This chapter introduces the set-up for fibre Bragg grating inscription and then give
details of the several different kinds of polymer optical fibore Bragg gratings
fabricated with this arrangement. In the end, the effect of the zeroth-order
diffraction of a phase mask on the creation of Bragg gratings in polymer optical

fibres is discussed.

5.1 Introduction

Bragg gratings have been inscribed in polymer optical fibres using conventional

techniques that have been utilised for the inscription of gratings in silica optical
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fibres, for example, POFBG has been fabricated using the phase mask technique
[1] or a ring interferometer arrangement [2], with grating inscription undertaken
using continuous wave or pulsed laser sources operating at either 325 nm [1] or
355 nm [2]. Up to date, the strongest POFBG achieved is with 28 dB transmission
rejection and a linewidth less than 0.5 nm [3]. The inscription time can vary from a
few minutes [4] to over one hour [5], depending on the different photosensitivity
induced into the core of the fibre. Upon those successful experiences, FBGs are
successfully inscribed in several kinds of POF in this thesis, i.e. PMMA based

mPOF, TOPAS mPOF and PMMA based doped single mode step index POF.

5.2 Polymer Optical Fibre Bragg Grating Inscription
Setup

The experimental arrangement for POFBG inscription is shown in Figure 5-1,

based on phase mask technique.

Metallic mirror

HeCd laser

| Metallic mirror

' Cylindrical lens

l Phase mask
] =)

———1~ e

Figure 5- 1: Experimental arrangement for FBG inscription.
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A continued-wave helium cadmium laser (KIMMON [K5652R-G) operating at
325nm and ~30mW of laser power is used in the system. The reflection mirror
stands by the laser is controlled by a motorised linear stage (Newport
MTM100CC.1) and a monition controller (Newport MM4006), enabling both static
and scanning inscription of the gratings. After cleaving of the fibre, POF is
mounted into v-grooves (Mellis Griot), thereby supported along its length in order
to minimize the effects of air currents and laser-induced heating on the fibre
position. The v-grooves are attached to a three-axis translation stage (Mellis
Griot). The O/E Land phasemask for 325nm UV source (mask period =
1057.2nm), which is capable for grating fabrication up to 6mm long is placed on
two pieces of polyimide tape stuck on the V-groove which is used to provide
minimum distance between the fibre and phasemask to avoid the contact
between them and the thickness of tape can be adjusted with the variation of the
diameter of the POFs by using different numbers of layers. A static laser beam
(beam width = 1.2mm) is focused vertically onto the fibre by a cylindrical lens
(focus length = 10cm) through the phase mask. Therefore, the laser intensity
irradiated on the fibre is approximately 200mW/mm? and the grating length is

therefore equal to the beam width.

With this set-up, the gratings can be monitored in reflection during inscription
using broadband ASE light source (Thorlabs ASE-FL7002-C4, 5 mW output
power, and operating wavelength range of 1530-1610nm, shown in Figure 5-2)

and optical spectrum analyser (OSA, HP70004A), as illustrated in Figure 5-3.
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Aston University

Hustration removed for copyright restrictions

Figure 5- 2: Output spectrum of the Thorlabs ASE-FL7002 broadband light source. [6]
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Figure 5- 3: Diagram of grating monitoring setup.

A C-band 2X2 single mode fibre coupler is used to monitor the grating in reflection.
One out arm of the coupler is spliced with single mode AFC/PC pigtail which was
used to couple the light into the POF. Between the AFC connector and the POF, a

small drop of index matching gel was used to reduce the Fresnel reflections and
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help with coupling the light from connector to fibre. The two input arms of the
coupler, spliced with single mode FC/PC pigtails were correspondingly connected
to the light source and the OSA. At first, the light source was a He-Ne laser
working at 633nm. By adjusting the translation stage, the maximum throughput of
POF at 633nm is obtained. Then the light source is switched to the broadband
ASE source. This is due to the invisible infra-red Bragg wavelength of the grating.
In addition, the gratings can also be monitored in transmission. Instead of using
the coupler, light can be directly coupled into one end of the fibre from the
broadband light source and out of the fibre from the other end to the OSA by using

butt coupling method and FC/PC patch cord.

Before the end of this section, the cleaving of the POF is worth mentioning. POF
cannot be cleaved by cleavers for silica fibres but by blade cutting. There are a
few studies [7-8] investigating the cleaving of POFs and they claim that the quality
of the cutting surface of the fibre is mainly affected by the temperature of the fibre
and blade together with the speed of the cut. In this thesis, the PMMA based
fibres are found to be well cleaved by hand on a hot plate (Agar Scientific) with a
razor blade (Agar Scientific) at approximately 80°C and TOPAS based fibres are
found to be easily cleaved by a razor blade at room temperature. The quality of
the cut is verified using a microscope (Carl Zeiss Axioscope 2 mot plus) and will

be shown in the next section.
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5.3 Fabricated Polymer Optical Fibre Bragg Gratings

5.3.1 Microstructured Polymer Optical Fibre Bragg Gratings

5.3.1.1 PMMA Based Single Mode Microstructured Polymer Optical Fibre
Bragg Gratings

The PMMA SMmPOF used in Bragg grating fabrication is supplied by the Optical
Fibre Technology Centre, The University of Sydney, Australia. The cross section
of the fibre after cleaving is shown in Figure 5-4. The fibre used consisted of pure
PMMA and was fabricated using the method described in reference [9]. The sides
of the fibre were flattened in order to investigate whether this geometry would aid
alignment of the laser beam relative to the holes in the fibre, however no benefit
was observed. The fibre has an outside diameter of 150um (round edges) and
115um (flat edges) and a core diameter of 14.6um; the core being surrounded by
60 air holes with diameters (d) of 2.6 um and a separation (A) of 8.6 um [9] giving
d/A=0.3. Note, this fibre is the unigue PMMA mPOF mentioned in the author’s

experiments within this thesis.

Figure 5- 4: Cross section of PMMA SMmPOF.
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5. Bragg Grating Inscription in Polymer Optical Fibre

By using the arrangement described in the last section, Bragg gratings were
successfully inscribed in a 5cm long PMMA SMmPOF at ambient condition and
monitored in reflection during inscription. The exposure time was around 44
minutes until reaching the grating saturation. Such long exposure time indicate
that this kind of fibre is not suitable for longer FBG inscription by using scanning
inscription method, otherwise the writing process will be time consuming and the
requirement for the system stability will be very high. The growth characteristics of
the grating inscription process are shown in Figure 5-5, with data collected every
30 seconds. Note the break in the graph is due to the minor re-alignment of the

butt coupling during inscription.
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Figure 5- 5: Bragg wavelength shift and reflection power change during grating writing.

The resulting SMmMPOFBG spectrum after irradiation stopped, as shown in Figure
5-6 had a wavelength of 1563.4nm, a FWHM of 4.5nm, a length of 1.2mm and a

reflection power of 20 dB above the noise level. (OSA resolution bandwidth is
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0.5nm) To be noted here, this Bragg grating was unable to be observed by using
a x100 oil immersion lens and microscope (Carl Zeiss Axioscope 2 mot plus),

which may be due to low visibility of the fringes as the fibre contain many holes so

that the observation is affected.
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Figure 5- 6: Reflection Spectrum of the SMMPOFBG.

The Bragg wavelength of the grating is chosen purely for convenience in that most
of the equipment available in the lab operates in this wavelength range. Attempts
were made to observe the grating in transmission, without success, possibly due
to the short and weak grating and high attenuation of the fibre at this wavelength

region, which is measured to be around 0.82 dB/cm by cut back technique, as

shown in Figure 5-7.
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Figure 5- 7: Cut back measurement of the transmission loss of the PMMA mPOF.

Though the reflectivity of the grating is unknown, as the transmission spectrum of
the grating is not able to be obtained, the induced dc average refractive index

modulation An,. is able to be estimated roughly by using the following equation

[10]:

Ang. = = (5.1)

where Ay is the Bragg wavelength shift by the mean refractive index modulation,
A is the period of the phase mask, n represents the fraction of the integrated
fundamental-mode intensity contained in the core and approximately assumed to
be 1 here. During the writing process, the Bragg wavelength of the grating shifts to
the shorter wavelength and has a total shift of 6nm. This negative wavelength shift

is caused by three factors which have been proved by Harbach et al. [11]: 1. The
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negative mean refractive index change Ang,.; 2. The Bragg wavelength shifts to

lower wavelengths with increasing temperature which is induced by the heating
effect from laser. (The thermo-optic coefficient of the PMMA is negative); 3. The
Bragg wavelength shifts to lower wavelengths due to a reduction of humidity
within the fibre, which lead to the grating pitch and mean polarizability changing,
when laser irradiate on the fibre [11]. In our case, during inscription the Bragg
wavelength shifted -4.6nm, and after writing stopped, the heating effect to the fibre
disappear and the Bragg wavelength shift back 4nm, according to the captured
final spectrum in Figure 5-6. So the net Bragg wavelength shift is -0.6nm and the
mean index modulation is estimated to be -0.6/(1057.2/2)=3 x 10™. To be noted
here, the wavelength shift induced by factor 3 is not considered in this case,
becasue after stopping the illuminating of the fibre, the water content in the fibre
may return to its previous equilibrium value, due to absorb water from the air.

Anyway, the estimation of the mean refractive index modulation here is rough.

5.3.1.2 TOPAS Based Single Mode Microstructured Polymer Optical Fibre
Bragg Grating

The few mode TOPAS mPOF used in this thesis is fabricated at COM+DTU at the
Technical University of Denmark (DTU), from preforms made at the Danish
Polymer Centre at DTU. The preform is made in a vacuum oven from TOPAS
COC granules of the grade 8007 and has a diameter of 50mm and a length of
85mm. Three rings of 2mm holes are then drilled into the preform in a triangular
structure and a fibre is drawn at about 140°C with no pressure applied to the air
holes. The resulting few moded fibre had an outside diameter of 340um, a core

diameter of 60um and a hole size of 20micron (Figure 5-8). The smaller hole size
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of the third ring is an indication of a non-uniform heat distribution inside the

preform during the drawing process.

Figure 5- 8: Microscope picture of the end facets of the TOPAS mPOF.

By using the arrangement already described, Bragg gratings are successfully
inscribed in TOPAS mPOF at ambient condition and monitored in transmission
during inscription. Normally it required around 25 minutes of exposure to
approach a maximum grating reflectivity, as shown in Figure 5-9(a); data collected
every 30 seconds. After inscription, the butt coupling is slightly optimised and the
final transmission spectra of the grating is recorded and revealed a Bragg
wavelength around 1596nm, a FWHM of 1.5nm, a length of 1.2mm and a
transmission power of 14 dBm, see Figure 5-9(b). (OSA resolution bandwidth is
1nm) From the position of the resonance, the effective refractive index of the
propagating mode in the TOPAS mPOF can be deduced by calculation, which is
around 1.51 and this value is identical to that of the data sheet. The reflectivity of

the grating is can be calculated to be 96% from following equation:
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10

dB = 10log (1 1%> (5.2)
Then the refractive index modulation amplitude An,. of the grating region can be
estimated to be 2 x 10™ from the following two equations:
R = tanh?*( QL) (5.3)
QO =m-An,.'n/A (5.4)

where R is the reflectivity of the grating, L is the length of the grating, Qis the
coupling coefficient and 1 represents the fraction of the integrated

fundamental-mode intensity contained in the core and approximately assumed to

be 1 here.
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Figure 5- 9: (a) Transmission power change during TOPAS mPOFBG writing; (b) Transmission
spectrum of TOPAS mPOFBG.

A microscope picture of the inscribed TOPAS mPOFBG is shown in Figure 5-10.
The measured grating period is around 1040nm, which is approximately equal to
the period of the phase mask, not half of it as initially expected (refer to Equation
2.22). This can possibly be explained from the effects of the zero-order diffraction
of the phase mask on polymer Bragg gratings, due to the imperfect suppression of
the phase mask zero order and will be detailed in a separate section in this

chapter.
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g

Figure 5- 10: Microscope picture of the TOPAS mPOFBG.

5.3.2 Step Index Polymer Optical Fibre Bragg Gratings

The photosensitive single mode step index PMMA polymer optical fibre used in
grating fabrication experiments is supplied by University of New South Wales,
Australia. The fibre (shown in Figure 5-11) possesses a 200 micron diameter pure
PMMA cladding with a 10 micron diameter core based on PMMA but containing
dopants (details are not provided by the supplier) to raise the refractive index and
enhance the photosensitivity to 325nm UV light so as to enable the faster
inscription of the Bragg grating. So for this kind of fibre, the scanning inscription
method is chosen for grating fabrication and this will enable a longer grating
length, leading to the narrower bandwidth. Upon the FWHM bandwidth equation
of a uniform Bragg grating (Equation 2.20), the longer the grating (more grating

planes) is, the smaller the bandwidth will be.
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Figure 5- 11: Optical microscope image of the cross-section of the photosensitive single mode step
index PMMA POF.

The Bragg grating is inscribed in the doped photosensitive step index PMMA
polymer optical fibre with the scanning inscription set-up at ambient condition. The
scanning speed is set to be 4 micron per second and the scanning length is 6mm,
which is limited by the length of the phase mask, so the whole exposure period of
the fibre is around 25 minutes. The growth characteristics of the grating inscription
process are shown in Figure 5-12(a) (The break of the curve in the graph is due to
the re-alignment of the butt coupling during inscription.); data collected every 60
seconds and the final optimised spectrum of FBG after stopping the laser
irradiation is show in Figure 5-12(b). The Bragg wavelength of the grating is
around 1562nm, FWHM is around 0.7 nm, and the reflective power above the
noise level is around 20dB. (OSA resolution bandwidth is 0.1nm) The grating is
also failed to be observed in transmission, possibly due to the high attenuation of

the PMMA based fibre at this wavelength. The induced dc average refractive

index modulation Ang, is able to be estimated to be -0.83/(1057.2/2)=4 x 10™.
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Figure 5- 12: (a) Bragg wavelength shift and reflection power change during grating inscription; (b)

Reflection profile of FBG in doped POF.
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After inscription, the grating is observed with the microscope, as shown in Figure
5-13. The measured grating period is around 1050nm, which is also
approximately equal to the period of the phase mask, as was observed with the

TOPAS mPOFBG.

Figure 5- 13: Microscope picture of the photosensitive single mode step index PMMA POF.

5.4 Explanation of the Observed Abnormal Grating

Period

In previous section, the abnormal grating period is observed, which is
approximately equal to the phase mask pitch, not half of it as initially expected.
This phenomenon can possibly be explained from the effects of the zeroth-order
diffraction of the phase mask on polymer fibre Bragg gratings. The effect of the
zeroth-order diffraction on the interference behind the phase mask has been
analysed by Dyer et al [13] in silica optical fibres and theoretically and
experimentally investigated by Xiong et al [14] in bulk polymer materials. In this

section, the mathematical description of the field distribution from the phase mask
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will follow that provided by Xiong et al. In addition, the zeroth-order diffraction

effect is also simulated in Matlab (Version 7.0).

Figure 5- 14: The coordinate system to simulate the three beams interference. X direction is along
the length of the grating and Z is the direction of the incident laser beam (normal to the phase

mask).
The phase change at point (x, z) shown in Figure 5-14 behind the phase mask
can be expressed as

P,y = xsin Oy +zcos Oy, (5.5) [14]

where 6y is the diffraction angle of the N th-order and sin8y = NAyy /Ay,
where A,,, is the phase mask period and Ayy is the wavelength of UV
irradiation. The electrical field distribution of the interference from the Nth
diffraction behind the phase mask is

E = X¥-_n Ckexp (i21R/ Ayy) (5.6) [14]
Where C, is the amplitude of the electrical field of the kth-order diffraction. If we
only consider the symmetrical diffraction situation here, C, = C_, and the
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zeroth-order amplitude can be replaced with 2(,. The intensity distribution EE*

is then provided as following:

—cosB ;
[ = 4{ I]X:o [C,?C anx) ]+ Z];tk CkC COS(anx n']x % COS nz( co;Gk cos j))}
uv

(5.7) [14]

To simplify equation 5.7, the diffraction orders higher than £1 will be ignored. For
the interference pattern of the zeroth order and two first-order diffraction beams,

the intensity distribution is expressed as

Apm

2
|r 2mz(1- 1_(% ) -I
ly. 1= = 4|CZcos? ( )+C0 +ZCOClcos( ) X cos ( )J| (5.8) [14]

[ Ayy

When there only exists the two first-order diffraction beams, the intensity

distribution is

Io, 41 = 4C2cos? (jﬂ) (5.9) [14]

pm

The equation which is also the first term of Equation 5.8, demonstrates that the
fringe pattern has a sinusoidal intensity distribution along the x direction with a
period equal to half of the phase mask’s period and possesses uniform intensity

along z direction and the grooves of the phase mask (y direction).

The second term 4C3 in Equation 5.8 is a constant related to the zeroth-order

diffraction, which reduces the contrast of the fringe pattern of the first term.
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The third term of Equation 5.8 represents the interaction between the zeroth order
and the two first-order diffraction beams. It create oscillation along x direction and

also along z direction with period A,, which can be calculated by

A, = LU (5.10)[14]
Agy\?
1‘(@7)
When the values of parameters in Equation 5.10 are set to those used in the

inscription experiments, which is Ayy = 325nm, A,, = 1057. 2nm the period

A, is 6.6um.

The intensity distributions under different levels of the zeroth-order diffraction
contribution (2G)? of the phase mask are calculated as shown in Figure
5-15(a-e). The +1 order diffraction contribution CZ is set to be 35% at Ayy =
325nm, which is equal to that of the phase mask used in POFBG fabrication in
this thesis. From the simulation results, it can be discovered that the interference
pattern changes with the increasing of the zeroth-order diffraction and when the
zeroth-order diffraction increase to certain level, for example, Figure 5-15 (d), the
period of the fringes are more likely equal to that of the phase mask. Therefore,
this calculation well supports the optical microscope observation results of the
grating fringes in polymer optical fibres with the same period as the phase mask,

as the zeroth-order diffraction contribution of phase mask used for POFGB
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fabrication in this thesis is as high as around 8% atAyy =325nm .
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Figure 5- 15: The interference distribution along the x direction at z = 0 with different levels of the
zeroth-order diffraction (2G)?2: (a) 0%; (b)1%; (c)3%; (d)8%; (e) 15%, With experimental
parameters: Ayy = 325nm, A, = 1057. 2nmand and C} = 35%.

In addition, the three dimension diffraction distribution behind the phase mask
used for grating inscription is also simulated, as shown in Figure 5-16. It again
proves the existing of the periodical oscillation along z direction and illustrates

how the grating visibility is destroyed.
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Table 5-1: Summary of fabricated polymer optical fibre Bragg gratings.

Material PMMA Based TOPAS Based
Fibre Type Microstructured Step-index Microstructured
Dopands None UV photosensitive None
Laser Type 325nm CW
Inscrlptlon ~44 minutes ~25 minutes ~25 minutes
Period
Grating Cannot get ~96% Cannot get
Reflectivity
Refractive
Index 3x10-4 2x10-4 4 x10-4
Modulation

Note, in this thesis, the fabricated PMMA based POFBGs are all working at the
wavelength region where PMMA exhibits high attenuation and this will limit the
length of the fibre used in grating fabrication and in real applications, for example
in sensing applications. The further improvement should be concentrated on
writing POFBGs at lower wavelength regions by using other phase masks [15]
and the ideal region could be the visible wavelength region, though finding a

suitable light source could be an issue.

The abnormal grating period which is equal to the period of the phase mask is
observed after inscription and it is likely caused by the effect of the zeroth-order
diffraction of a phase mask on the creation of Bragg gratings in polymer optical
fibres. The simulation results have good agreement with the optical microscope
pictures of the grating fringes.
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6. Polymer Optical Fibre Bragg Grating Sensitivity Characterisation

Polymer Optical Fibre Bragg Grating

Sensitivity Characterisation

In this chapter, firstly, the humidity sensitivity of the step-index POFBGs was
calibrated. Secondly, the temperature responses of mMPOFBGs and step-index
POFBGs were both investigated. Finally, the strain sensitivity of the step-index

POFBGs was studied.

6.1 Humidity Sensitivity

6.1.1 Introduction

PMMA can absorb moisture from its surroundings (up to 2wt% at 23°C), leading to

both a swelling of the material and an increase in refractive index with a
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consequent increase in the Bragg wavelength of a grating inscribed in the material
[1-3]. Upon this property, PMMA based POFBG may be potentially considered as
the element of a humidity sensor, hence, the calibration of such sensitivity of

fabricated PMMA based POFBGs is necessary.

6.1.2 Calibration Setup

6.1.2.1 The Environmental Chamber

The humidity sensitivity response of PMMA based POFBGs was studied in an
environmental chamber (SANYO Gallenkamp plc) so that the environmental
temperature and relative humidity (RH) during the tests can be controlled. The
internal dimensions of the chamber are 90x90x75 cm. The range of RH varies
with the set value of temperature, and is given in Table 6-1. The uncertainty in the
RH value is between 3% (at max. RH) and 5% (at min. RH). The uncertainty in
temperature is between 0.3 and 1°C. When the temperature or RH was changed,

it took more than 15 minutes for the chamber to reach the set value.

Table 6-1: Specifications of the chamber. [4]

Temperature (°C) 20 25 60

Range of RH (%) 50 - 98 30-98 15-98

6.1.2.2 Connecting POF with Silica Optical Fibre

In the environmental chamber, the butt-coupling arrangement described in
Chapter 5 for monitoring POFBGs is unsuitable, due to the vibration which will

affect the very sensitive coupling between the POF and single mode step index
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silica optical fibre, and the difficulty to fix the translation stage inside the chamber.
Hence, an alternative reliable method for connecting POF with silica fibre is

required.

In the initial phase of the research into connectorisation, POF is considered to be
glued into ferrule whereas demountable connector forms. However, this idea has
encountered practical problems. The single mode POF currently available comes
mainly from research groups and no effort has been put into standardising fibre
diameters and the quality of fibre, some of which even have acentric core. As
pointed out in Chapter 5, the fibre cores need to be aligned to about a micron and
consequently the ferrule needs to be very closely matched to the fibre diameter.
The only non-standard ferrule discovered from the market is the 152 microns one
provided by Coopers needlework Co. Birmingham, which is close to diameter of
the mPOF at 150 microns. The problem then encountered was that it seemed
impossible to insert the POF into the ferrule. Numerous attempts were made
without success. The problem seems to relate to the flexibility of the polymer fibre;
when the fibre is fed into the ferrule, at some stage the fibre contacts the inner
side of the ferrule and because of the compliant nature of the polymer the frictive
forces cause the fibre to expand slightly, which is enough to jam the fibre in the
ferrule. Increasing the force pushing the fibre simply causes it to jam more solidly.
In general, the attempt in producing demountable connector by using ferrules is

unsuccessful.

Instead of using ferrules, POF attempts were made with directly gluing POF to

silica fibre to form a monitorable device by using optical glue:

Connecting step index POF with silica fibre
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The choice of glue is very important. Not only does the glue have to provide a
rugged bond to the two fibre materials but the refractive index needs to be closely
matched to the fibres in order to suppress significant back-reflections from the
joint. As an example from early work, one of the candidate glues investigated was
Loctite 3525. Figure 6-1 shows one attempt to produce a connection with this glue
in which the refractive index mismatch reveals itself as an increase in the

background signal level which reduced the signal to noise ratio from 22dB before

gluing to 8dB after gluing.
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Figure 6- 1: Early attempt with Loctite 3525 showing strong back-reflection from the connection

(elevated background spectrum).

It was discovered that careful control of the fibre alignment could result in
suppression of the reflected background spectrum, but only at the expense of

introducing an unacceptable signal loss of around 5dB each way, see Figure 6-2.
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Figure 6- 2: Early attempt with Loctite 3525 showing 10dB round trip loss following gluing.

Table 6-2 lists the comparison of the advantages and disadvantages of different

kind of glues which were tried in the gluing experiment.

Table 6-2: The comparison of different optical glues’ behavior in gluing experiments.

Typical Loss
Glue Type Problems / Advantages

Induced by Gluing

Dymax OP-4-20639/20647 N/A Weak connection

Curing fast (Tack Free Time 10-15
Loctite 3525 5-10 dB seconds, Fixture Time <5 seconds), Solid
connection, Unacceptable high loss

Curing slow(Tack Free Time 10-15
Norland 76/78 <0.5dB seconds, Fixture Time 5 minutes), Solid
connection, Low loss
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After trials with different glues, different alignment procedures and different curing
schedules, the following approach is confirmed to be able to provide a means of
producing reliable and repeatable connections between silica fibre and POF, and
be affected by neither the POF fibre diameter nor the concentricity of the fibre

core:

1. The single mode silica optical fibre (SMF28) pigtail is angled-cleaved using an
Oxford Fiber HSFC-2001 High Strength Fibre Cleaver. The step-index POF with

Bragg grating is flat-cleaved using a new razor blade on a hot plate at 80°C.

2. The cleaved end of the silica fibre has as small a drop of optical glue (Norland
76/78) as possible applied, which should be just cover the cross section of the
fibre, using a tooth-pick and is butt-coupled with the step-index POF by using an

X-Y-Z translation stage (Melles Griot).

3. The core-to-core alignment is initially aligned by red light source (OZ Optics
FODL-23S-635-1) and then optimised by illuminating the POFBG using a
broadband light source (Thorlabs ASE-FL7002-C4) via the silica fibre pigtail and
observing the reflected signal from the FBG using an optical spectrum analyser

(HP70004A), see Figure 6-3.

Coupler Connected by Glue

LT T
7N

Silica fibre
Broadband ASE Light Source

POF

Figure 6- 3: Sketch of the POFBG device.
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4. The glue between the fibres is cured by UV lamp (OmniCure 1000, EXFO) at

around 60mW power for 5 minuntes. The light guide of the UV lamp was fastened
vertically to the gluing point with a distance at around 10mm between them. After
that, more glue (Norland 76/78) was put on the connection point in two steps, until
a bulb, which can protect the connection point, form at diameter of around 1mm,
as shown in Figure 6-4. At each step, the glue should be cured at the same power

(60mW) for 15 minutes.

Silica fibre Optical glue

POF

Butt Coupling

Figure 6- 4: Microscope picture of Connection point (a.5X  b.10X). Note the mismatch is due to

the eccentric core of the POF.

5. The reflection spectrum of the grating was measured before and after gluing
finished, as show in Figure 6-5. The additional loss was less than 0.3dBm in this

case.
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Figure 6- 5: The comparison of POFBG spectrum before and after gluing.

Connecting mPOF with silica fibre

After the success with step-index POF, connecting mPOF to silica fibre wa also

investigated. Table 6-3 shows the adhesives tried and their main properties.

Table 6-3: Glues investigated for silica-mPOF connection.

Adhesive RefratétLij\:gdindeX, Viscosity (mPars) Tensile Strength (psi)
Loctite 3525 1.51 9500 - 21000 35000
Norland 76 1.51 3500 - 21000 450
Norland 78 1.50 8000 - 11000 694
Dymax OP-4-20725 1.419 5000 420

The initial trial was started with the Loctite glue as it appeared that its high

viscosity may help minimise travel of the glue up the holes of the fibre. Testing

was undertaken with single mode mPOF containing FBG with a 14um diameter
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core. Light was launched into the mPOF using silica fibre (SMF28) cleaved at an
angle of 1° to reduce back-reflections using an Oxford Fiber HSFC-2001 High
Strength Fibre Cleaver; to aid the coupling, a small amount of the uncured Loctite
3525 adhesive was used to reduce the Fresnel reflections from the fibre end
surfaces. As the refractive index of the uncured Loctite adhesive is 1.48, it acts as
a very good index matching gel, which makes light much easier to be coupled into
the mPOF. Once the coupling of the light was adjusted to give the best grating
response the adhesive was cured using a UV light source of 60mW for 10
seconds. However once the Loctite adhesive was cured by the UV light the
refractive index increased to 1.51, which completely destroyed the light guiding of
the fibre causing the reflected signal from the grating to be completely lost in the

system noise.

To counter this situation, it was decided to try to use a different adhesive to simply
seal the end of the mPOF and prevent the Loctite 3525 adhesive from travelling
along the hole structure. Dymax OP-4-20725 was used to accomplish this as it
had a lower refractive index of 1.419, and would therefore perturb the light guiding
of the mPOF less than the Loctite adhesive. Once the Dymax adhesive had been
cured, the input source light was then successfully coupled into the mPOF using a
stripped and angle-cleaved SMF28 silica fibre together with Loctite 3525 at the
joint. A signal was obtained at the Bragg wavelength and the Loctite was
successfully cured, creating a permanent joint between the silica and polymer
fibres. Unfortunately as the joint was flexed the signal at the Bragg wavelength
varied considerably in strength and could even be lost in the system noise. The
explanation of this phenomenon was that the Dymax adhesive had also

penetrated far into the holes of the fibre spoiling but not fully destroying the wave
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guiding, thanks to its relatively low refractive index, so any significant bending at
the region around the gluing joint can let much of the light travel straight out of the
fibre, thus result in the Bragg peak in the spectrum disappearing. The potential
solution could be minimising the distance of where the holes were blocked by
cleaving, however, it would be quite crucial to control the cleaving length. In
summary, the connecting mPOF to silica fibre is not as easy as step index POF
and due to the lack of success of this key step, the humidity and strain response

of MPOFBGs are not presented in this chapter.

6.1.3 Humidity Sensitivity of Step-index POFBG

To initially characterise the response of the POFBG device as illustrated in Figure
6-3 to water, it was placed inside the environmental chamber. Due to the high loss
of PMMA at the infrared wavelength region, a short (7 cm) length of the 180
micron diameter doped PMMA based step-index single mode POF containing the
grating at 1566nm (measured at ambient condition) as shown in Figure 6-6(a) was
used in the device. The Bragg wavelength change by humidity was monitored in

reflection by the same arrangement in grating inscription.

Initially the POF FBG was placed in the chamber with both the temperature and
humidity held constant at 22°C and 45% RH and the Bragg wavelength allowed to
stabilise. With the temperature held constant, the humidity was then increased
quickly to 52% and the Bragg wavelength monitored as a function of time, see
Figure 6-6(c). In approximately 30 minutes, the water stopped diffusing into the
fibre and water equilibrium was achieved inside the fibre. The total wavelength
red-shift against 39mins is 0.124nm, shown in Figure 6-6(b). FBG peak’s intensity

change is negligible during this period, as shown in Figure 6-6(d).
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Figure 6- 6: (a) PMMA based POFBG spectrum; (b) Recorded Bragg wavelength of PMMA based
POFBG at beginning and end of the experiment; (c) Response of water absorption of PMMA
based POFBG in 39 minutes; (d) FBG peak’s intensity plot against the time.

With the temperature still held at 22°C, the relative humidity was then changed in
a series of steps from 45% to 90%. (To be noted here, due to the system limitation
of the environmental chamber, 45% relative humidity is the lowest value the
system can reach at 22°C, thus the response of FBGs to a humidity lower than 45%
is not presented.) At each step, 30 minutes was allowed for the humidity to
stabilize, which was measured from the previous experiment. The Bragg
wavelength of the POFBG reveals a total shift of ~1.857nm, as shown in Figure
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6-7(a). The device exhibits an apparently linear Bragg wavelength shift with
increasing humidity with a sensitivity of 38.3+0.5pm per % RH, see Figure 6-7(b).
Figure 6-7(c) show that the intensity of FBG decreases significantly whilst %RH
increases to high value. This behaviour possibly due to the following factors: 1.
The output power of the broadband light source (Thorlabs ASE-FL7002-C4) at
wavelength from 1560nm to 1570nm is decreasing 5dB. 2. Water absorption
increases the attenuation of the fibre. [5-6]
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Figure 6- 7: (a) Recorded Bragg wavelength of PMMA based POFBG at beginning, middle and
end of the experiment; (b)Humidity sensitivity of PMMA based fibre at 22 °C; (c) FBG peak’s

intensity plot against the time.
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The repeatability of the humidity sensitivity of POFBG was proved by testing the
response of a device containing another POFGB with constant temperature at
22°C and a cycle of increasing and decreasing humidity between 45%RH and
85%RH, as shown in Figure 6-8. In the cycling experiments, the device exhibits
humidity sensitivity of 39.8+0.9pm per % RH and 40.9+0.8pm per % RH during
the process, which has good agreement with previous result. In addition, there
was no humidity hysteresis observed in Figure 6-8 when the cycling experiment

finished, therefore the humidity reversibility of the POFBGs is good.

T22 45% RH- 85% RH
T22 85% RH- 45% RH
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Figure 6- 8: Humidity response of PMMA based fibre in a humidity cycling experiment at 22 °C.

114



6. Polymer Optical Fibre Bragg Grating Sensitivity Characterisation

6.2 Temperature Sensitivity

6.2.1 Introduction

The temperature sensitivity of the gratings in PMMA based step-index POFs has
been studied previously, [7-8] which revealed a negative temperature coefficient
of between -146pm/°C and -360pm/°C. These results are significantly larger in
magnitude than that observed for FBGs in silica optical fibres, which is around
10pm/°C [9]. This increased sensitivity means that the thermal properties of
gratings in POF are of particular interest. In this section, investigation into the
temperature (lower than the glass transition temperature of PMMA) response of
gratings in both pure PMMA based mPOF and doped PMMA based step-index
POF is performed, revealing a different behaviour than previously reported [7,8].
In addition, the working temperature range of the sensors can be extended using

an annealing process.

6.2.2 Thermal Response of PMMA and TOPAS mPOF Gratings

6.2.2.1 Experiment Set-up

As mPOF is unable to be glued with silica optical fibre, the thermal response of
the mPOF gratings cannot be calibrated using the environmental chamber, hence,
it had to be investigated using the heating rig in the ambient condition as shown in

Figure 6-9.
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Figure 6- 9: (a) Top view of the heating rig, (b) cross-section view of the heating rig.
In the rig, two V groove blocks (Melles Griot) were fastened on a translation stage
leaving a 1cm long air gap between them. The mPOF with FBG was placed in the
v-grooves along with a temperature calibrated FBG in silica fibre (see Figure 6-10),
which was used to measure the temperature of the heating zone, making sure the

two FBGs were closely spaced in the air gap.
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Figure 6- 10: Temperature calibration of silica FBG (18°C -100°C).

A 25W heating resistor (RS Components) was placed over the FBGs to heat the
devices and the whole heating zone was insulated by polystyrene pieces. The
heating process was monitored by the same arrangement as the grating
inscription. The FBG region was generally heated to several temperatures by
tuning the voltage value across the resistor. At each new settings, the voltage was
held constant for 10 minutes to ensure temperature stabilisation before the value

of the shift in the peak of the grating spectrum was recorded from the OSA.

6.2.1.2 Thermal Properties of mPOFBGs in PMMA

The first experiment consisted of cycling a single grating, made in non-annealed
pure PMMA mPOF, to different temperatures, shown in Figure 6-11. The grating
was first taken to a maximum of 77.1°C with each incremental temperature being
held for 10 minutes. During this process, the Bragg wavelength of the grating shift

gradually to lower wavelength region. The grating was then allowed to cool back
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to room temperature. In the second cycle, the grating was heated to 85.5°C,
cooled again, then in the final cycle the maximum temperature was 91.5°C. After
each cycle, a permanent shift in the wavelength of the grating was observed; after
the first cycle this was -8.7nm and after the second this was a further -10.5nm.
The temperature response of each cycle is non-linear and exhibited a quasi-linear
region at certain temperatures, which extends to higher temperatures with each
progressive cycle due to the annealing that took place during the previous cycle.
The sensitivity of the grating in each of these regions is shown on the graph in

Figure 6-11, which is -92.4pm/°C, -97pm/°C and -71.8pm/°C respectively.
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Figure 6- 11: Bragg wavelength shift with temperature for three consecutive heating cycles. ®First
cycle, msecond cycle, Athird cycle.

In order to understand the annealing process, samples of fibre were heated at
temperatures ranging from 60°C to 100°C for 7 hours prior to grating inscription in

the oven. The length and diameter of the fibre were measured during the heating
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process. Three different samples of fibre (original length = 20cm) were measured
at each temperature and the mean length change calculated. The results for the
change in length with time for different temperatures are shown in Figure 6-12. At
temperatures above 80°C, the decreasing of length increases significantly.

Furthermore, the results also show that even after 7 hours, the fibre is still

shrinking.
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Figure 6- 12: Change in fibre length with time for different annealing temperatures.

The length and diameter results were combined in order to investigate whether
there was likely to be any change in density of the fibre during shrinking. The
results are shown in Figure 6-13 and indicate that there is no measurable change
in density, and thus refractive index of the fibre during the annealing process. This
result suggests that the most significant effect causing a permanent change in the
grating wavelength during heating is the change in grating period due to shrinkage

of the fibre, rather than any significant change in refractive index. This conclusion
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also makes good agreement with the experimental results from Cariou et al, [10]
who investigated the refractive index variations with temperature of PMMA and
proved there is no such change when PMMA was heated below its glass

transition temperature.
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Figure 6- 13: Fractional length vs diameter for fibres heated at different temperatures. The model
line shows the relationship between length and diameter for zero change in density.

The gratings recorded in preannealed fibre were heated using the same set up
described earlier. Each grating was heated incrementally to >92°C with each
temperature being held for 10 minutes as before. The results in Figure 6-14 show
that annealing at 60°C has virtually no effect on the response of the grating.
Annealing at 70°C and above shifts the turning point to higher temperatures, thus
improving the working temperature range which is extended with increasing

annealing temperature.
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Figure 6- 14: Thermal response of gratings fabricated in preannealed fibre.

Figure 6-15 shows results from gratings fabricated in preannealed fibre and those

fabricated in fibre annealed after inscription. There is good agreement between

the results, with any small discrepancies due to the differences in annealing times

(7 hours for the fibre before inscription, and 10 minutes per incremental

temperature for the gratings annealed post inscription). This again suggests that

the predominant effect in the permanent wavelength shift is that of fibre shrinkage.

Bragg wavelength (nm)

0 %
€ ]
%@P *® o g
5 %%—L
'Y - -
Lol [<] a
-10 P
 © ¢
-15 77/x unannealed (grating) aw
¢ unannealed (fibre) o
-20 1. 60°C (fibre) -
o 77°C (grating)
-25 77+ 80°C (fibre) &
o 86°C (grating) -
-30 714 100°C (fibre) h
'35 T T T T
10 30 50 70 90

Temperature (°C)

Figure 6- 15: Comparison between the thermal response of gratings fabricated in annealed fibre

(fibre), and gratings made in unannealed fibre which were annealed after inscription (grating).
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6.2.1.3 Thermal Properties of mPOFBGs in TOPAS

Similar measurements were carried out using the heating rig shown in Figure 6-9
for the FBGs inscribed in TOPAS fibre. In the experiment, the reachable
maximum heating temperature was 28.4 °C, before the grating visibility became
zero. The limitation of heating range is due to the shift of Bragg wavelength of the
grating to the edge of the light source, of which the output power decreases
dramatically, as already shown in Chapter 5. Typical results of the Bragg
wavelength shift with temperature are shown in Figure 6-16, which reveals a
positive temperature coefficient of 250+0.5pm/°C, when performing linear fit to the
data — to the best of the authors’ knowledge, this value is the highest temperature
sensitivity of any FBG based device yet reported. Note that in PMMA, FBGs

display a negative wavelength shift with rising temperature. [7]
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Figure 6- 16: Bragg wavelength shift with temperature of grating in TOPAS mPOF.
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6.2.1.4 Discussion of Results

For PMMA mPOF, the temperature response results presented show a
quasi-linear decrease of Bragg wavelength with increasing temperature below a
transition temperature. This transition temperature is dependent on several
factors. The thermal history of the fibre obviously affects the transition
temperature, which has been proved in this chapter, as well as the fibre draw
parameters [11] and UV exposure [12]. The exact mechanism associated with this
transition is still not known, though it still can be largely explained by the fibre
shrinking. As mentioned in Chapter 3, polymer optical fibres are pulled under
tension, leading to residual strain in the fibre, as the polymer chains are axial
orientated, while at a certain temperature, the axial orientated chains are thought
to relax causing shrinkage of the fibre. [11] The temperature range of the
transition region for non-annealed fibre coincides with that identified by Law as
resulting in the best cleaves using a hot fibre/hot blade technique [13]. This
shrinkage results in a permanent wavelength shift, which is dependent both on the
maximum temperature to which the grating has been cycled, and the duration of
heating. Thermal shrinkage tests on lengths of fibre without gratings indicate that
there is no measurable change in density as a result of the shrinkage. Annealing
of the fibre prior to grating inscription shifts this transition to a higher temperature

dependent on the annealing temperature.

The equation describing the Bragg wavelength shift with temperature, as

mentioned in Chapter 2 is as following [14]

AL, =L, (fo+B)AT 6.1)
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where AL, is the Bragg wavelength shift, AT is the temperature change, A;is the

wavelength of Bragg grating, n'is the average effective core mode index in the

grating area, o is the thermal expansion coefficient, B is the thermo-optic

coefficient. The reported thermo-optic coefficient for PMMA is around -1x10“K™" at
room temperature but varies considerably with temperature, increasing in
magnitude by about 40% over 40K [10]. Quoted values for a vary between
0.7x10™K™" and 2.2x10K™ [7,15-17]. By choosing different values above, we can
get either a negative or a positive Bragg wavelength shift with temperature.
However, to the authors’ knowledge, no positive Bragg wavelength shift has yet
been observed with PMMA. For the TOPAS material used in this study, the value
of B (-10°*K") [18] is also negative, but it is slightly smaller than #a
(1.53x0.7x10*K™") [18] leading to a calculated positive Bragg wavelength shift of
11 pm/°C, which is much smaller than the experimental result. It should be noted
though that the values for the thermal expansion coefficient and thermo/optic
coefficient obtained from reference [18] are only quoted to one significant figure,
which leads to very large errors when the data are combined in equation 6.1 to
calculate the thermal sensitivity. The data also refer to bulk material and the
properties may well have been changed during the fibre drawing process. The
discrepancy between the calculated and measured temperature sensitivities

should be the subject of further work.

6.2.3 Thermal Response of Step-index POFBGs

When step-index single mode POF was humidity tested in the environmental
chamber, as described in section 6.1.3, its thermal response was also

investigated. With the humidity held constant at 45%, the temperature was
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increased in the range of 18 °C to 39°C and at each step the temperature was

held for 20 minutes to ensure the temperature equilibrium being built inside the

huge volume of the chamber. The step-index POFBG exhibits a quasi linear

thermal response, as shown in Figure 6-17 and the sensitivity determined to be

-48.2+1pm/°C. This sensitivity value is smaller than that of pure PMMA based

mPOF, likely due to combination effect from the different drawing tension when

producing these two kinds of fibres and also from the copolymers and

photosensitive dopants doped into the step-index POF [19].
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Figure 6- 17: Bragg wavelength shift with temperature of FBG in step-index singe mode POF.

6.3 Strain Sensitivity of Step-index POFBGs

6.3.1 Introduction

The mechanical properties of PMMA based POFs have been discussed in

Chapter 3. The fibre drawing history of the POFs can affect their mechanical
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properties, like tensile strength, yield strain, failure strain, etc., and hence affect
the strain sensing behaviour of POFBG. Furthermore, when POFBGs were
applied to strain sensing, extra attention must be paid to the visco-elastic
properties of the PMMA materials. Liu et al [20] have already reported that for
tensile strains applied over relatively short time periods, reproducible, reversible
and repeatable elastic behaviour of the POFBG has been confirmed for strains up
to 22.2 me with a total tuning range of 32 nm which is much bigger than that of
silica FBGs’ few nanometres [21]. They also reported a strain sensitivity of 1.46
pm/pe, which is again better than that of silica FBGs’ 1.2 pm/pe. In this section, the
tensile strain tunability and sensitivity of fabricated doped PMMA based

step-index POFBGs are characterized.

6.3.2 Experimental Arrangement

The strain tuning of polymer fibre Bragg gratings is investigated by the mechanical
stretching, using the arrangement shown in Figure 6-18. To be noted here, the
tensile behaviour of the pure PMMA mPOFBG was not able to investigated, due
to the requirement of gluing the POF with Bragg grating to a silica optical fibre to

form a device before testing.

POF Epoxy Optical Glue Silica Fibre
L \ K/ Z \K_B_L—/|
) Grating
| Linear Stage Metal Block

Figure 6- 18: Strain testing rig for step-index POFBGs.
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During the test, the doped PMMA based step-index POFGBG device was
fastened on the strain testing rig by Araldite epoxy adhesive, with one end on the
metal block and the other on a linear stage with micropositioner (displacement
accuracy = 0.01 mm), which can be moved longitudinally to apply axial tensile
strain to the POF. The 6mm grating region is located in the middle of the 4 cm gap
between the metal block and the linear stage. The axial strain values acting on
POF are determined by dividing the longitudinal extension displacement of the
POF by the 4+0.1cm. The axial strain is applied by manually moving the
micropositioner with a speed of approximately 1me/min. During the whole process,

the reflection spectra of the POFBG were recorded as the tensile strain is applied.

6.3.3 Strain Sensitivity and Tunablity of Step-index POFBG

A loading-unloading experiment is designed to examine the strain tunability of the
step-index POFBGs. In the loading process, the tensile strain is applied to the
polymer fibre Bragg gratings in steps to certain value, which is 0.5%, 1%, 1.5%, 2%
and 2.5% tensile strain respectively and then in the unloading process, the strain
is gradually released to zero. During both processes, the reflection spectra of the
POFBGs at each step are recorded by using the same broadband ASE light

source and the optical spectrum analyser as in grating inscription.

The reflection spectrum of the same POFBG under different tensile strain is
shown in Figure 6-19, which indicated that the Bragg wavelength of the grating
shifted with the strain increased. It also gives the information of the variation of the
reflection peak level at different tensile strains. Below the strain value of 2%,
which corresponds to the Bragg wavelength tuning range of 26.6nm, the reflection

peak level decreases continuously with increasing tensile strain. This is most
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probably due to the decrease of the output power of the broadband ASE light
source (refer to the output spectrum in Chapter 5), as the shape of the grating
spectrum is almost constant and the grating spectrum can be restored to its
original reflection peak level and the Bragg wavelength, when the stress to the
POF is removed. Note when the grating spectrum shifts beyond 1590nm, its peak
visibility is almost zero. For this reason, the strain behaviour of the FBGs with over

2% tensile strain applied is unable to be studied.
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Figure 6- 19: Reflection spectra of POFBG at four different tensile strain.

The cyclic loading—unloading test results in Figure 6-20 show that the step-index
POFBGs have excellent reversibility and repeatability when the tuning strain is
less than 2%. From the graph, the Bragg wavelength variation data obtained
during the four different loading and unloading processes have good coincidence
with each other, indicating that there is no hysteresis observed during the tensile

strain tuning of POFBGs, thus the time-dependent viscoelastic effect was not
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can be calculated which is better than the sensitivity of silica FBGs.
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Figure 6- 20: Bragg wavelength shift of POFBGs under reversible tensile strain test at the

maximum strain of (a) 0.5% (b) 1% (c) 1.5% (d) 2%.
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As mentioned in Chapter 3, the yielding strain of the PMMA based polymer fibre is
about 6%, however, in this loading-unloading experiment, the applied strain to the
step-index POF only reached 2%. For further investigation, the potential solution
could be writing a grating at lower wavelength that will allow bigger strain tuning

range of the step-index POFBGs.

6.4 Conclusion

In this chapter, the gluing coupling method between the single mode step-index
POF and the single mode step-index silica fibre is developed and Norland 76&78
are proved to be the most suitable optical adhesive for this gluing task. However,
the same method can not work on connecting microstructured POF and silica

fibre.

Following the successful gluing method, the linear humidity sensitivity response of
PMMA based POFBG is able to be obtained in an environmental chamber. The
characterised humidity sensitivity is 38.3+0.5pm per % RH and the repeatability of
the sensitivity is verified to be good when the humidity cycles between 45% and

85% RH.

The wavelength to temperature response for various kinds of POFBG is also
studied. Initially, the pure PMMA mPOFBG is heated up to 91.5°C in three
heat-cool cycles. The Bragg wavelength shifts to lower wavelength region when
mPOFBG is heated and the thermal response of the device is found to be
non-linear in each cycle though a quasi-linear region always existing. The thermal

sensitivity of the mPOFBG at quasi-linear region is varying between -97pm/°C and
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-71.8pm/°C. Furthermore, the permanent operational wavelength shift of the
grating is observed, once the fibre is taken above a certain threshold temperature.
The mechanism of the permanent change in the grating wavelength is
investigated and is proved to be caused by the change in grating period due to
shrinkage of the fibre, rather than any significant change in refractive index and it
is also possible to shift this threshold temperature to higher temperatures by
annealing the POF prior to grating inscription. In addition, the quasi-linear
wavelength response to temperature is demonstrated to temperature up to 90°C
by annealing the POF at 100°C after successive heating cycles that can be

accounted for by fibre shrinkage.

The largest Bragg wavelength shift with temperature in transmission to date is
observed in TOPAS mPOFBG. The measured temperature sensitivity is
50+0.5pm/°C when the device is heated from ambient temperature to 28.4 °C.
The positive shift of the Bragg wavelength is different with the negative Bragg
wavelength shift that was observed in PMMA mPOFBG. Some explanation to this

phenomenon is given in this chapter but still have further works to be done.

A linear Bragg wavelength response to the relatively low temperature (18°C-39°C)
is observed in step-index POFBG which reveals a thermal sensitivity of

-48.2+1pm/°C.

Finally, the strain sensitivity and tunablity of step-index POFBG was investigated,
which showed a reversible and repeatable elastic response up to 2% tensile strain
for a strain rate of 1me/min. The measured strain sensitivity of 1.33+0.04 pm/pe is

better than that of silica FBGs.
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Application of Polymer Optical Fibre
Bragg Grating Sensors to Condition

Monitoring of Textiles

In this chapter, POF FBGs were used to measured strain in textile specimens.
The quasi static tensile strain measurement of the specimen bonded with POF
FBGs was carried out. Furthermore, the long term tensile strain test of the
specimen was conducted in a temperature and humidity controllable
environmental chamber. To be noted here, all the POF FBGs mentioned in this
chapter were fabricated by the author at Aston University and the long term tensile
test was finished by the author at Aston University. Under a collaboration with the

mechanical engineering department of the University of Southampton, the quasi
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static tensile experiment was executed with the help of Dr. Chenchun Ye from

University of Southampton.

7.1 Introduction

Tapestries are hand-woven textiles that are often large and heavy. Researchers
have found the strain imposed by their own weight may be the key factor in their
deterioration [1, 2]. Monitoring the stain, hence monitoring the deformations that
occur in tapestries, is quite helpful to the textile conservation researchers. The
FBG sensor was an attractive potential solution for monitoring the deformations
that occur in tapestries [2]. However, in the previous research, only the trial with
silica FBG was performed and it did not produce an effective strain transfer
because the reinforcement introduced by the sensor attachment was significant
[3]. The reason that causes this problem is that when the silica FBG sensor is
used to monitor the material with low Young’s modulus, the silica fiber itself can
act to locally stiffen the material with applied stress, reducing the strain
experienced in the region of the sensor. In contrast, POF can have much less of
this effect, considering one of the significant advantages of POF: Young’s
modulus of PMMA POF is approximately 25 times smaller than that of a silica
optical fibre [4], which is more compatible with the modulus of the textile, POF
based FBG should provide an improved performance over silica fibres in
applications to textiles. In this chapter, the POF based FBG will be used to

measure the tensile strain applied to the textile.
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7.2 The tensile Strain Measurement of Textile

7.2.1 Textile Specimen Preparation

The textile specimen used for experiments was 340mm long, 49 mm wide, 0.57
mm thick. Both the warp and weft yarns on the textile are wool with a spacing of
0.8 mm in the warp direction and 1.7 mm in the weft direction. Four FBGs, where
two were silica optical fibre based FBG, two were POF based FBG, were bonded

to the central part of the specimen, as shown in Figure 7-1.

POF-FBG-1 Si-FBG-3

Araldite Araldite
POF-FBG-2 Si-FBG-4
DMC2 DMC2

Figure 7- 1: Textile specimen with two POF FBGs and two silica FBGs bonded with different
adhesives. (The image of the specimen was taken from the side without adhesives.) [data provided

by C.C.Ye]
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POF-FBG-1 and POF-FBG-2 were FBGs in POFs with a Bragg wavelength 1562
and 1565 nm respectively, which were fabricated following the method mentioned
in Chapter 5. The length of each POF with Bragg grating was approximately 6cm
and the grating length is 6mm. Each POF FBG was connected to a single mode
silica optical fibre pigtail (with FC/APC) by the same gluing method as described
in Chapter 5. The Si-FBG-3 and Si-FBG-4 were FBGs in silica optical fibres, with
a Bragg wavelength 1542 and 1547 nm respectively, which are commercial
product. To avoid the mixture of different grating’s response to the strain, the
Bragg wavelength of these gratings were separated. Si-FBG-3 and POF-FBG-1
were bonded to the textile surface with two part epoxy Araldite 2015, and
Si-FBG-4 and POF-FBG-2 were fixed with the PVA based conservation adhesive
Mowilith DMC2. The axes of the four FBGs were parallel to the weft yarns and the
centres of the four FBGs were respectively on the corners of a rectangle, which is
16x50 mm. For each FBG, the area covered with adhesive was 3 mm wide, and
up to 50 mm long. The thickness of adhesive was up to 0.4 mm. In addition, the
mechanical strength of the connection between the POF and the silica fibre with
an optical adhesive is weak and also, the section of silica fibre near the
connection had coating stripped, which leads to this section being brittle. Both of
these two parts make it very difficult to attach the POF FBG to the textile/tapestry
appropriately. To make the test feasible, a short length of silica fibre with coating
was bonded to the textile, as shown in Figure 7-2. The drawback for doing this is
that the area with adhesive is comparatively long (~50 mm), although within
acceptable limits, but also to avoid the breakage of the fibre connection, the

maximum strain applied to the specimen is limited.

138



7. Application of Polymer Optical Fibre Bragg Grating Sensors to Condition Monitoring of Textiles

To FBG Interrogator Connected by glue Adhesive

| /
T

Silica fibre with Silica fibre without coating

coating (diameter=0.125mm, brittle)

Silica fibre with tight
buffer/jacket protection

Figure 7- 2: Schematic of bonding POF based FBG to textile.

7.2.2 Quasi-static Tensile Test

7.2.2.1 Testing Setup

For carrying out the quasi-static tensile strain test to the textile specimen, an
Instron 5569 test machine was used to apply load in the weft direction of the
tapestry. The specimen was mounted in wedge grips of the test machine and the
distance between the grips was 240mm. For quasi static tests, a constant
displacement of 10 mm/minute was applied to the specimen. The deviation of the
load was typically +0.7N. The silica optical fibre pigtails were connected to a
swept laser integrated FBG Interrogator (FBG-SLI, Micron Optics) to monitor and
record the Bragg wavelength shift, when the strain was applied to the textile
specimen. The resolution of measured wavelength is 1pm, corresponding
approximately to 1ye. The wavelength range of the interrogator is from 1520 to

1570nm.

During the test, to provide a comparable independent measure of strain in a

non-contact method [5], a LaVision digital image correlation (DIC) system [6] with
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a single camera was used to obtain 2D full-field strain data of the specimen.
Digital image correlation technique is based on an image-processing algorithm
that uses grey-scale image patterns to track the 2D (with single camera) or 3D
(with two cameras) surface displacement of a deformed object and then the
displacement vector field is used to acquire the strain distribution. [7] Interrogation
cells are the pixel arrays that were divided from the DIC image data, when the
data is processed to produce deformation and strain behaviour. The size of
interrogation cells is crucial to the spatial resolution and strain resolution. With the
increasing of the interrogation cells, the spatial resolution is getting worse, while
the strain resolution is getting better. In this work, when the strain was applied
across the width of the specimen, the local strain variations from interrogation cell
to cell in the section with adhesives and FBGs would be relatively quite different
with that of the rest part of the sample, due to reinforcement. Hence, better spatial
resolution in the strain from the DIC image processing is required. Therefore, the
size of the interrogation window was chosen to be 32 x 32 pixels with 50% overlap,
corresponding to 3 x 3 mm in the specimen. The small interrogation windows (32
x 32 pixels with 50% overlap) offer a minimum strain resolution of (0.1x 2)/16 =
1.25% [6]. The strain resolution is calculated by multiplying the precision of
displacement vectors (With a 32 x 32 pixels interrogation window, at the worst
contrast, the uncertainty is approximately 0.1 pixels) by a factor of 2 (There is two
displacement vectors in the strain calculation), and dividing by 16 pixels, which is
the gauge length. The strain resolution can be improved with good image contrast
and by averaging over a number of interrogation windows. Figure 7-3 illustrates
the typical strain distribution of the specimen under 20N load. It illustrates that the

strain values in two areas covered by Araldite (POF-FBG-1 and Si-FBG-3) are
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significantly lower than the rest of the sample and the strain in the area where a
silica fibre Si-FBG-3 was bonded with DMC2 is also lower than the surrounding
areas, while the strain difference induced by the bonding of POF-FBG-2 with
DMC?2 is smaller. Moreover, in the image, the patchiness of the strain distribution
indicated typical errors in strain values obtained from DIC with this level of spatial
resolution. Similar noise was also observed using a 3D two camera system for
either metal or textile specimens, indicating it was an image processing error

rather than an indication of the heterogeneity of the textile sample.

For the area away from the FBGs and adhesive, the uncertainty of the measured
strain from DIC is reduced by averaging over a number of interrogation windows,
and is estimated to be 0.06%. For the area with a FBG bonded, the strain
measurement from DIC is virtually like an extensometer measurement [6] taken
by correlating the interrogation cells which are overlapped the FBG at either end
of the 20mm horizontal line of the image (Figure 7-3). The uncertainty for the

measured strain is estimated to be 0.2 x 2/214 = 0.19%.
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Figure 7- 3: The strain map obtained from DIC when the specimen was under a load of 20 N. [data
provided by C.C.Ye]

The gratings are bonded to the textile using adhesive that covers the optical fibre
and the adjacent area, which is in total approximately 3mm wide. As the
interrogation cells cover an area of 3 mm then only one full interrogation cell can
cover the area of the adhesive, this introduces more error. Furthermore, the
reinforcement effects make the strain less in these areas introducing a more
significant measurement error. To examine the strain map more clearly, the strain
distributions along horizontal direction at x = 49mm (see Figure 7-3) for three
different load levels of 1, 10 and 20N are given in Figure 7-4. In Figure 7-4 the half

size of each interrogation cell (1.5 mm) can be seen.
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Figure 7- 4: Strain distributions along horizontal axis, at x = 49 mm, for three different values of

load up to 20 N (scale of the axis: 1.59:1) [data provided by C.C.Ye]

7.2.2.2 Experiment Results

20N Load

The maximum load of 20N was applied to the specimen in an ambient condition.
The recorded Bragg wavelength shifts of the four FBGs are given in Figure 7-5.
To be noted here, for POF-FBG-2, parts of the data were missing, because its
Bragg wavelength shifted out of the maximum measurement limit of FBG

interrogation system. The maximum recorded wavelength was 1572nm
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Figure 7- 5: Recorded Bragg wavelengths of the four FBGs (up to 20N load). [data provided by
C.C.Y¢g]

Using a strain sensitivity of 1.33 pm/pe for POF FBGs (as measured in Chapter 6)
and 1.20 pm/ue for silica fibre FBGs, the stress (total load divided by the area of
cross section of the textile specimen) is plotted against strains from different FBGs
and from DIC system for different locations in Figure 7-6. The recorded strain from
POF FBG is greater than that from the silica FBG with the same adhesive and the
recorded strain from each type of FBG with DMC2 is greater than that with
Araldite 2015. The measured strains from DIC system for the areas where the two
silica FBGs were bonded are quite noisy, and even became negative when the
load was small. This indicates that the strain resolution of the DIC system is not
high enough to measure accurately strains smaller than 0.2%. [3] The strains from
the two POF FBGs almost match the corresponding strains from DIC, although

the one bonded using the epoxy adhesive shows much more scatter.
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Figure 7- 6: Stress plotted against strains from FBGs and from DIC for different locations. [data
provided by C.C.Ye]

Figure 7-7, which is the magnified part of Figure 7-6, shows the plots for both the
strain obtained from Si-FBG-3 and Si-FBG-4 only, along with the DIC data taken
local to the sensors. It is clearer that the strains from DIC local to the silica FBGs
are subject to larger uncertainties. Ideally, the linear fit of the strain data from DIC
system (black dash line and solid line) should correspond with the stress-strain
gradients obtained from the FBGs, however, there actually exists large difference
between them and only for the larger strains the correspondence is getting much
better. This again indicates that at the strain resolution of the DIC system is not

high enough to measure accurately strains smaller than 0.2%
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Figure 7- 7: Stress plotted against strains from FBGs and from DIC associated with silica FBGs.

[data provided by C.C.Ye]

10N Load

Since the Bragg wavelength shift of the POF FBG-2 exceeded the upper limit of
the wavelength range of the FBG-interrogation system, when the load was greater
than 10 N, the quasi-static test was done with the maximum load of 10N only in
the ambient condition. The results are similar to that with 20N loading and are
shown in Figures 7-8. The extra information given in Figure 7- 8 is the recorded
Bragg wavelength shifts of four gratings when the load is released. It took much
longer time for the Bragg wavelengths of POF FBGs to return to the original
values, [8,9] comparing with silica FBGs. 37 minutes after the load was removed,
the residual wavelength shift of POF-FBG-2 was still about 0.8 nm, however the
Bragg wavelength of Silica-FBG-3 and Silica-FBG-4 had already shifted back to

the original values.
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Figure 7- 8: The recorded Bragg wavelength shifts of the four FBGs during the 10N quasi static test.
[data provided by C.C.Ye]

The stress-strain curves for the four gratings obtained from two quasi-static tests
with the maximum load of 10N and 20N, are shown in Figure 7-9. This
demonstrates that the repeatabilities in both silica and POF sensors are
reasonably good. The strain from POF-FBG-2 during 10N test was 0.02%
approximately greater than that during 20N test for a given stress. This is likely
due to the time between the two tests was too short for POF-FBG-2 or the textile
to relax completely. Since it was observed that when the load applied to the
specimen was removed, the Bragg wavelength of POF-FBG2 relaxed to original

value much slower than other FBGs.
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Figure 7- 9: Stress plotted against strains from FBGs for 10 N quasi-static test (solid markers and
lines in blue colour); For each grating, the curve obtained from the previous 20 N quasi-static test is

also shown in the figure (open markers and lines in red colour). [data provided by C.C.Ye]

7.2.2.3 Calculation and Discussion of Structural Reinforcement and Strain

Transfer
By using the measured data given in Figure 7-6, the strain transfer coefficients
and reinforcement coefficients can be calculated. The strain transfer coefficient is

denoted as R; and is the ratio of the strain measured from the FBGs divided by

the strain measured from the DIC system in the area local to the sensor.

n. — SFBG
Y epict (7.1)

The reinforcement coefficient is denoted as R, and is denoted as the ratio of

strain measured by the DIC local to the sensor to that away from the sensor.
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B — EniIcL
©  EDica (7.2)

The two coefficients R; and R, and the strains #ssu, fuiceand suvica for each
sensor/adhesive combination are given in Table 6-1. Ideally, R, should be close
to unity and for the POFs this is the case. However for the Si-FBGs, it is different.
The relative error in zu:ce local to the silica FBGs is a key consideration. In Table
6-1 the calculated theoretical value for R; also provided using an analytical

model [10] as follows:

R —1— sinh(kL) (7.3)
: kL cosh(kL)

1
(I+v, NE, | E,)r’ In(t/r,)

where k:\/ , £, and E, are Young’s moduli for the

adhesive and the optical fibre, respectively. r, is the radius of the optical fibre,

and v, isthe Poisson’s ratio of the adhesive and is taken to be 0.4.

The parameters used in the calculation are as follows: £, = 72 GPa and r, =
0.063 mm for the Si-FBGs, £,=2.8 GPaand r, =0.093 mm for the POFs, E =

1.5 GPa for the epoxy adhesive, E_,= 0.006 GPa for the PVA adhesive. The

bonded length of fibre is 40 mm for Si-FBG-3 and 50 mm for the other FBGs. It
can be seen from Table 7-1 that the theory values have good agreement with
actual values for the POFs, but for silica FBG, they have big difference, indicating
the errors in the DIC system are the dominant cause. Although silica FBG with the
DMC2 adhesive has a very low theoretical strain transfer coefficient, the actual

experimental value indicates that the poor compatibility of the silica FBG with the
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DMC2 PVA conservation adhesive. In contrast, the POFs have a much better

compatibility with DMC2.

Table 7-1: Measured strain transfer and reinforcement ratio coefficients

i Stress FOrCL | EDrLA | EEEBG
FBG Adhesive WPa) (%) (%) (%) R, R, (theory) R2
POF-FBG-1| Araldite | 0.79 | 0.151 | 1.303 | 0.140 0.93 0.99 0.12
POF-FBG-2| DMC2 0.39 | 0.332 | 0.783 | 0.298 0.90 0.85 0.42
Si-FBG-3 | Araldite | 0.79 | 0.108 | 1.303 | 0.058 0.53 0.97 0.08
Si-FBG-4 DMC2 0.79 | 0.06 | 1.303 | 0.104 1.7 0.66 0.05

In these tests the DIC measured strains for the areas with silica FBGs bonded are
too small to be measured by the current DIC system. However the textile
specimens have been tested with a silica FBG at a higher strain level [3] and R;
was obtained as ~23% and ~36% for DMC2 and Araldite, respectively, and still do

not match the theoretical values.

The amount of reinforcement induced by bonding a fibre sensor can be quantified
in terms of the ratio of strains R,, when there is no reinforcement, R, = 1. The
different reinforcement ratio R, for the different adhesive/FBG combinations
given in Table 7-1 can be explained in terms of the overall product of Young’s
modulus and cross section area of the bonded area. The overall product of E- A4
is the sum of the products of the cured adhesive, optical fibre and the textile

covered with adhesive, and can be written as follows:
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E-A=E w-t—7m-r})+E, -m-r] +E, -w-t, (7.4)

where E,,, E, and E, are Young's moduli for the adhesive, optical fibre and

textile respectively, respectively, r, is the radius of the optical fibre, w and ¢ is

the width and length of cured adhesive, and ¢, is the thickness of the textile.

Table 7-2: E-A values for different specimens.

E w t E-A

Specimens ad

(GPA) (mm) (mm) (GPa -mm2)

Si-FBG-Araldite 1.5 3.2 0.4 2.92
Si-FBG-DMC2 0.006 3.1 0.3 1.02
POF-FBG-Araldite 1.5 3 0.40 1.94
POF-FBG-DMC2 0.006 3 0.22 0.18
Textile only 0.11

The Young's modulus and thickness of the textile are £, = 60 MPa and ¢, =

0.57 mm. The measured E, values and the E-A values for the three

specimens are given in Table 7-2. The E-A value for the specimen with Araldite
is approximately 3 times greater than those with conservation adhesives, which is
consistent with the difference in ratio R,. This provides an adequate explanation

for the reinforcement.
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7.2.3 Long Term Tensile Test

In the previous section, the strain condition of textile, applied with increasing load
over a short period of time, was monitored by silica and POF FBG sensors.
However, for tapestries, the common situation is that a constant stress is applied
to the material at certain temperature and humidity conditions over a long period
of time, due to their relatively large size and heavy weight. So the investigation of
the long term strain condition monitoring of textile by using POF FBGs is

necessary.

7.2.3.1 Experiment Setup

All of the tests in this section were carried out in environmental chamber (SANYO
Gallenkamp plc) so that the environmental temperature and relative humidity
during the tests can be controlled independently. To investigate the performance
of POF FBG sensors bonded to the representative textile and their responses to
environmental temperature and RH, a textile specimen with two POF FBGs
bonded was prepared. To make sure the test could be conducted inside the
chamber, a test rig was designed for placing into the chamber and applying load
to the textile specimen, as shown in Figure 7-10. Both ends of the textile
specimen were folded and secured to steel bars by stitching in place. One of the
bars was clamped so that the textile specimen could hang freely and the other

was loaded using deadweights via a weight hanger.
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POF

FBG-5

Hanger

Figure 7- 10: The test rig inside the environmental chamber.

The textile is 50 mm wide, 0.57 mm thick and 275 mm long. Two POF FBGs
(POF-FBG-5 and POF-FBG-6) were bonded parallel to the central part of the
specimen, as shown in Figure 7-10. The Bragg wavelengths of the two FBGs
were approximately 1564 nm. POF-FBG-5 was bonded to the textile surface with
Araldite 2015, and POF-FBG-6 was with the conservation adhesive DMC2. For
each FBG, the cured adhesive area was 3 mm wide and approximately 0.3 mm

thick. The length of adhesive is around 34 mm, which is shorter than that of the
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quasi static test, because the connection of the POF to the silica fibre was not
covered with the adhesive, as shown in Figure 7-11. The advantage here is the
magnitude of the strain applied to the textile is not limited by the weak connection.
However, there is the danger of breaking the connection or the fragile section of

silica fibre with the coating removed while installing the specimen.

Connected

Silica fibre  Silicafibre o,

with coating without

\ coating& 4\' FB\l / ;OF
- / —

+—> 6

~10 < —>

34

Adhesive

Silica fibre with
protection jacket

Figure 7- 11: Schematic of a POF FBG sensor bonded to textile. Unit: mm

To characterise the response of the adhesives to temperature and RH, two silica
FBGs were also embedded in cured Araldite 2015 and DMC2, respectively. The
Bragg wavelengths of the two FBGs were 1558 and 1546 nm, respectively. After
pouring the adhesive (DMC2 or Araldite 2015) into a silicon mould, a FBG was
embedded into the central part of the adhesive, then the adhesive was cured at
room temperature. The cross section of the cured adhesive is schematically
shown in Figure 7-12. The length of silica optical fibre containing the FBG

embedded in the adhesive is 70 mm.

== f
G ' 9

“—— 14mm —>|

Figure 7- 12: Schematic of the cross section of the cured adhesive.
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In all tests, although the chamber provides readings of the inside temperature and
humidity itself, to enhance the accuracy of the experiment, the temperature and
RH inside the chamber were recorded using a temperature/RH sensor (DLP-TH1)
located nearby the specimens. Note that the values of temperature and RH given
in this section are the readings of DLP-TH1 temperature/RH sensor, which are
1.1 °C, higher in temperature and 1.3% lower in RH than those from the chamber.
For the tests on the textile, the reflection spectra of POF FBGs are monitored
using an optical spectrum analyser with a resolution of 0.1 nm. For the tests with
the two silica FBGs embedded in cured adhesives the Bragg wavelength changes
are monitored by using a laser scanning FBG-interrogator (FBG-SLI, Micron
Optics). For both specimen types the spectra data are recorded when the
temperature and RH reached the set values and the thermal equilibrium had

occurred inside the specimen.

7.2.3.2 Results and Discussion

Calibration of the embedded sensors and adhesives

The textile specimen was lying flat inside the chamber. The two silica FBGs
embedded in cured adhesives were also placed nearby the textile specimen. To
begin with, RH was set constant at 48.7%. Responses of POF FBGs and silica
FBGs were recorded while temperature varies from 23.1 to 41.3°C with an
increment of 3°C. At each increment, 30 minutes was held to make sure the
thermal equilibrium inside the adhesive. The recorded Bragg wavelengths of POF
FBGs plotted against temperature are shown in Figure 7-13. In the figure, the
black line is the linear fit of the measured data for POF FBG-6 with DMC2, while

the blue line is 3rd order polynomial fit of the measured data for POF FBG-5 with
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Araldite. For POF FBG-6 with DMC2, there is a relatively good linear dependence
of the wavelength on temperature, indicating the temperature sensitivity of
-48+0.8pm/°C, Thus, the temperature sensitivity of the POF FBG bonded to textile
is close to that of the bare POF FBGs mentioned in Chapter 5. For POF FBG-5
with Araldite, the wavelength initially increased with temperature raise, and then
decreased with increasing temperature, indicating that the bonding of a POF FBG
to textile with Araldite has complex effects on the thermal responses of the FBG.
The sign of the thermal sensitivity of a POF FBG depend on competition between
the thermo-optic effect (negative) and thermal expansion (positive). In bare POF,
the thermo-optic effect is the dominant effect; while for embedded fibre,
embedding could have increased the expansion coefficient, which could resultin a
small, possibly positive wavelength shift. When the temperature increased further,
the adhesive became softer, leading to the bond between the POF and adhesive
becoming weaker. As a result, the thermo-optic effect became dominant so that

the wavelength decreased with increasing temperature.

Qs | + POF FBG-5(Araldite)
= POF FBG-6(DMC2)
e
— o e —
e L TN g
= N e
= i ™,
w '\.\ N
= —~ 9
B I e 3
LC-’ -0.5 B . \\'
% i h K"x.._ ’
§ \\"x.. ‘.
»
-1 1
20 25 30 35 40 45

Temperature (°C)

Figure 7- 13: The shifts of Bragg wavelengths of POF FBGs are plotted against temperature for RH

= 48.7%.
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The humidity response of the embedded sensor was also investigated. The
temperature was set to 26.1°C, and RH varied from 43.7% to 68.7% with an
increment of 5%. At each increment, the humidity was held 40 minutes to insure
the humidity equilibrium inside the adhesive. During this process, the Bragg
wavelengths shift of POF FBGs were recorded and plotted versus RH, as shown
in Figure 7-14. Both of the lines in the figure are the trendlines of linear fit of the
measured data. For both POF FBGs, the wavelength increased linearly with
increasing RH. For POF-FBG-5 with Araldite, the humidity coefficient is
40+0.9pm/%RH, which is almost the same as the measured value for the bare
POF FBGs in Chapter 6. For POF FBG-6 with DMC2, the humidity coefficient is

52+0.3 pm/%RH, slightly higher than that with Araldite.

1.5

I 0.052 nm/ (%RH)
[« POF FBG-5(Araldite) /
- *

| 0 POF FBG-6(DMC2) /
i / <
0.5 .
' / 0.040 nm/(%RH)

40 50 60 70
Relative Humidity (%)

Wavelength shift (nm)

Figure 7- 14: Shifts of Bragg wavelengths of POF FBGs are plotted against RH for temperature =
26.1 °C.

The two tests of silica FBGs were conducted at the same time with the same

temperature and RH as for the textile specimen with POF FBGs when all the
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specimens were in the chamber. When the RH was constant at 48.7%, the
wavelength shifts of silica FBGs were recorded and plotted against temperature,
as shown in Figure 7-15. The lines are the trendlines of linear fit of the measured
data. For both silica FBGs, there is a linear dependency of wavelength shift on
temperature. The thermal sensitivity is 9.2+0.1pm/°C for the FBG in DMC2 and for
the FBG in Araldite, it is 116.8+£0.1pm/°C, which is 9 times greater than that of a
free FBG in a standard silica optical fibre. The linear coefficient of thermal
expansion (CTE) of Araldite can be estimated by using the measured data. The
change in Bragg wavelength of a FBG due the changes of temperature and strain

can be written as [11]

AL AL
i;_a_pg77+m+§yAT (6.5)

where p, is the photo-elastic constant of the optical fibre, « is the linear CTE,
¢ is the thermo-optic coefficient and AL/L is the relative change in grating length.
For standard silica fibres at a wavelength of 1550 nm, p,=0.22, a+<&= 8.39 x

10°®/°C. Assuming the relative grating length change AL/L is equal to the relative
length change of cured Araldite when temperature increased, the CTE of Araldite

can be calculated by

aAraldite -

AL 1 ( AA
L-AT 078\ 4-AT

—839ﬂ06j=856ﬂ06/”C

This is around three times greater than that of epoxy (21-30x10%°C [12]).
Although the CTE of PVA based adhesives is around one order of magnitude
greater than that of epoxy [13, 14], the response of the FBG embedded in DMC2

is not sensitive to the change in temperature, indicating that the strain transfer
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from DMC2 to the silica fibre is small. Furthermore, the thermal sensitivity of the
FBG in DMC2 which is conducted from the thermal test results of silica FBGs
shown in Figure 7-15 is smaller than the published value of a free silica FBG
(0.013nm/°C) [11]. We suspect due to the insufficient waiting time at each

increment, the thermal equilibrium inside the adhesive specimens was not fully

achieved.
25
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Figure 7- 15: The wavelength shifts are plotted against temperature for RH=48.7%.

The wavelength shifts of the FBGs plotted against RH for a constant temperature
of 26.1°C are given in Figure 7-16. The lines are the trendlines of linear fit of the
measured data. The responses of the FBGs to RH are small in both cases. As itis
well known that the single FBG in a standard silica fibre is not sensitive to RH, the
test data here show that the humidity response of Araldite is small. The sensitivity
of DMC2 to RH could not be discussed since the strain transfer from DMC2 to the

silica optical fibre is small.
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Figure 7- 16: The wavelength shifts vs. RH for temperature=26.1 °C.

The long term tensile tests of textile specimen

To understand the long term strain behaviour of the textile specimen with bonded
POF FBGS, the specimen was loaded using deadweight at a constant RH and

temperature for more than 20 hours.

Firstly, The RH and temperature were set to be constant at 48.7% and 26.1°C.
The recorded Bragg wavelengths of POF FBGs during the long term test are
given in Figure 7-17. The applied load was 14 and 24N respectively. The problem
is that in figure, the initial wavelengths of POF FBG-2 were almost the same for
the two tests with different loads of 14 and 24N. It is likely that the problem was
raised by the tape used to fix the fibre tail to protect the connection between silica
optical fibre and POF (the top yellow tape, as shown in Figure 7-10). There should
be extra length of fibre between the tape and the adhesive bonding section.

However, in this case, this section of fibre was partially with protection tube, and
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the fibre tail close to the adhesive may not be completely free. Therefore, when
the textile was loaded with 14N, the strain applied to the grating could be affected
by the extra force from the external fibre tail. After the test with 14N load, the tape

was removed before the load was increased to 24N.
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Figure 7- 17: The recorded Bragg wavelengths of POF FBGs during the long term test at intervals
of 1 hour, for a constant RH of 48.7% and temperature 26.1 °C. The applied load was 14 and 24N
respectively.

When the constant RH was increased to 58.7%, the same tests were repeated
and results are given in Figure 7-18. The lines in these figures are the trendlines

of polynomial fit of the measured data. .
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Figure 7- 18: The recorded Bragg wavelengths of POF FBGs during the long term test at intervals
of 1 hour, for a constant RH of 58.7% and temperature 26.1 °C. The applied load was 14 and 24N
respectively.

Both of the tests with different levels of load show that the conservation adhesive
DMC2 is not strong enough to bond fibre sensors on textiles for long term strain
monitoring, as the long term strain behaviours of the textile which is monitored by
the DMC2 bonded fibre sensor is totally different with that of measured in
tapestries by D. Khennouf etc. using digital image correlation technique [15],
though in their experiment the temperature and humidity is not controlled, as
shown in Figure 7-19. In contrast, the two-part epoxy adhesive can offer stable
strain transfer between the textile and fibre, thus the obtained nonlinear long term

strain behaviour of the textile has good agreement with the result in Figure 7-19.
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Figure 7- 19: The obtained Long term strain behaviour of the textile by using digital image

correlation technique. [15]

The long term tensile test of single POF FBG Sensor

One bare POF FBG was tested with a load of 0.6N. The load was applied to the
POF using two silica fibres bonded to each end of the POF. One of the silica fibres
was fixed to a bar and another was attached to a small deadweight. It failed in 2
minutes when the load had been applied. No further long term tensile tests of a

single POF FBG have been conducted.

7.3 Conclusion

FBG devices have been considered as a potential solution of strain condition
monitoring of ancient textiles. Both POF-based and silica-based FBGs have been
bonded to a woven textile specimen with two part epoxy Araldite and PVA based

conservation adhesive DMC2 and used to measure strain in the specimen. In
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quasi-static test, it has been demonstrated that the POFs provide a favourable

strain transfer coefficient and that the POFs bonded with PVA adhesive offer less

structural reinforcement. The performance of POF-based and Silica-based FBGs

in strain measurement is concluded in Table 7-3.

Table 7-3: Performance of FBGs in strain measurement.

FBG Device POF-based-1 POF-based-2 Silica-based-1 Silica-based-2
Adhesive Type Araldite DMC2 Araldite DMC2
Strain Transfer Good Good Poor Poor

Structural . . .
Reinforcement High Low High High

Before the long term tensile test of the textile specimen, the temperature and

humidity responses of the embedded POF FBG are investigated, as illustrated in

Table 7-4 and also the response of adhesives to the temperature and humidity is

studied.

Table 7-4: Temperature and humidity responses of the embedded POF FBG.

FBG Device POF-based-1 POF-based-2
Adhesive Type Araldite DMC2
Humidity Sensitivity
40 £0.9 52+0.3
(pm/ %RH)
Temperature Sensitivity
Not available -48+0.8

(pm/°C)
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The long term tests are carried out with constant RH and temperature and with
two different levels of load (14N and 24N) applied. The test results show that the
two-part epoxy adhesive can offer much better and more stable strain transfer

between the textile and polymer fibre than PVA adhesive.

To sum up, from the quasi-static and the long term test, we observe a conflict
result: POFBGs bond with PVA adhesive have less structural reinforcement, while
POFBGs bond with epoxy adhesive have better strain transfer. To solve this
problem, further work should be conducted to find more suitable glue which can
offer little structural reinforcement together with good strain transfer and perform

the same tests as described in this chapter.
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Application of Polymer Optical
Fibre Bragg Grating Sensors in

Detecting Water

In this chapter, two applications based on the water sensitivity of POFBG are
demonstrated. A polymer optical fibre Bragg grating device is proved to be able to
detect realistic levels of dispersed water in jet fuel; a compact silica and polymer
FBG based sensor element shows well-conditioned response to humidity and

temperature.
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8.1 Detecting water in Jet Fuel

8.1.1 Background Introduction

Water is a common impurity of jet fuel, and can exist in three forms: dissolved in
the fuel, as a suspension and as a distinct layer at the bottom of the fuel tank.
Water cannot practically be eliminated from fuel but must be kept to a minimum as
large quantities can cause engine problems, particularly when frozen, as appears
to have happened to the British Airways Boeing 777 that crashed at London
Heathrow Airport, UK on 17 January 2008 [1] and the interface between water
and fuel acts as a breeding ground for biological contaminants. The quantities of
dissolved or suspended water are quite small, ranging from about 10 ppm to 150
ppm. This makes the measurement task difficult and there is currently a lack of a
convenient, electrically passive system for water-in-fuel monitoring; instead the
airlines rely on colorimetric spot tests or simply draining liquid from the bottom of
fuel tanks. For all these reason, people have explored different ways to detect
water in fuel [2, 3, 4], however all these approaches have problems, e.g. they may
not be electrically passive or they may be sensitive to the refractive index of the
fuel. Without the listed problems, POFBG is considered to be a well suitable
sensing element to detect water in fuel, as POFBG was already proved to be
sensitive to water in chapter 6 and also its promising humidity sensitivity was
already calibrated. Therefore, an approach involving the use of a polymer optical

fibre Bragg grating to detect small quantities of water in fuel was conducted.
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8.1.2 Experiment Setup and Fuel Sample Preparation

The POFBG at the Bragg wavelength of 1565nm used in this experiment was
inscribed in a 200 micron diameter single mode step index fibre with the same
fabrication technique, as introduced in Chapter 5. A 7cm long POF containing the
grating was then glued to a single mode silica optical fibre pigtail to form a device,
as described in Chapter 6, which allowed us easily to monitor the Bragg

wavelength change in reflection with broadband ASE light source and OSA.

Three fuel samples were prepared for the experiments. Dry jet fuel was prepared
by taking 3.5g of molecular sieve 3A in a sample vial, which then had 10ml jet fuel
added to it. The sample was then left for 24 hours for the sieve to remove the
water. Wet fuel was prepared from a stock of dry fuel. 9.5ml of dry jet fuel was put
into a sample vial and 0.5ml distilled water added (5% by volume). This sample
vial was then shaken for 10minutes prior to running experiments to ensure that the
water is mixed in with the fuel. Finally, a third fuel sample was obtained by taking
fuel that had been exposed to ambient humidity for several days. For the proof of
principal experiment, initially we had no means at hand to measure the dispersed

water content of the three samples.
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8.1.3 Proof of Principal Experiment

POF FBG Device
Dry fuel

- Fuel with 5% water
/ or fuel under
ambient conditions
L~

L

Sieve (dryer)

\/

Figure 8- 1: Sketch of the experiment setup.

The sensor was put into one dry fuel tube for an hour to make sure that the device
achieved equilibrium. Then the device was put into wet fuel for 40 minutes to allow
the maximum water absorption and red wavelength shift to be observed. After that,
the device was taken out and put into dry fuel again and the Bragg wavelength
was observed to shift back to approximately the original place. This procedure
was repeated three times to confirm the repeatability of the results. The nonlinear

Bragg wavelength shift (around 1.4nm) trend of the whole experiment is shown in

Figure 8-2.

1566. 2

1566 * Caaad

1565.8 ——s— A .
1565. 6 . . -
1565. 4 - . s

1565. 2 . +
1565 G

Bragg Wavelength (nm)

1564. 8 + + + * *

2 *
1564. 6 ates BT
1564. 4
1564. 2

0 50 100 150 200 250 300

Time (min)

Figure 8- 2: Bragg wavelength shift when the sensor was swapped between wet and dry fuel at
room temperature.
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As 5% water is quite a lot, a second experiment was carried out in a similar way

but with the sensor being swapped between three fuel samples in the following

order: dry, ambient, wet, ambient dry. The Bragg wavelength shift trend of this

experiment is shown in Figure 8-3.
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Figure 8- 3: Bragg wavelength shift when the test was swapped between dry fuel, ambient fuel and

wet fuel at room temperature.

In addition, with help from the Gooch & Housego Plc, the water content of the fuel

can be precisely measured and the sensor is tested in several different fuel

samples, containing water from 17-148 ppm. It is again proved that the

repeatability of the sensor is quite good and it can easily measure water content to

less than 20 ppm, as shown in Figure 8-4.

172



8. Application of Polymer Optical Fibre Bragg Grating Sensors in Detecting Water

1545

+ from air to 33ppm

1544.5 mfrom 33 ppm to 17 ppm

A
A Afrom 17ppm to 30 ppm
1544 A <from 30ppm to 20ppm
A A Ofrom 20 ppm to 34 ppm

E 1543.5 Afrom 34ppm fuel to 148ppm fuel
I
E 1543 A

* * * *
E E-E‘ * 'S * * *
> & N A A
z A A
£

1542.5 o B rl!l A
g " °
Ll <

1542WDA 5—8—5 n " .

1541.5

bed |
ied ||

0 10 20 30 40 50 60 70 80 90

Time (min)

Figure 8- 4: Bragg wavelength shift when the test was swapped between dry fuel, ambient fuel and

wet fuel at room temperature.

8.1.4 Discussion

The difference between dry and wet fuel is easily distinguishable in both
experiments and even the change from dry to ambient samples is readily detected.
In that regard the proof-of-concept experiments look to be very encouraging.
There are however two points that need to be discussed. The first is the small but
measurable differences observed in the Bragg wavelengths when the sensor
returns to the same type of fuel. These differences show as a gradual decrease in
the upper and lower Bragg wavelengths in Figure 8-2 and a lack of precise match
in the initial and final dry fuel readings in Figure 8-3. These differences might
actually be due to temperature changes of 1 or 2°C within the laboratory, which
were not controlled for. The second issue is that the response time of tens of

minutes limits the real-time applicability of the technology. The diameter of the

173



8. Application of Polymer Optical Fibre Bragg Grating Sensors in Detecting Water

fibre used was quite large, comparing with that of commercial single mode silica
optical fibre (125nm), which will clearly have an adverse effect on the time taken
for the water to diffuse into the core region, as already demonstrated in Chapter 5.
Using the fibre with smaller diameter possibly coupled with lapping or etching the
grating region of the fibre, might reduce the response time to a few minutes, which

would open up the range of applications accessible.

8.2 Simultaneous Temperature and Humidity Sensor

8.2.1 Introduction

When POFBGs are applied to humidity or water-in-fuel sensing, an important
issue is the cross-sensitivity to temperature, which affects the accuracy of the
sensor. A dual parameter sensor was design to measure both temperature and
humidity, comprising FBGs inscribed in both silica and polymer fibre which

provides a well conditioned response to the two parameters.

8.2.2 Experiment and Result

The dual parameter sensor was fabricated by attaching a 10cm length of 200
micron diameter single mode step index POF to single mode silica optical fibre
down-lead using UV curable optical glue (Norland 76), as shown in Figure 8-5.The
PMMA based POF contained a 5 mm long FBG. The initial Bragg wavelength of
1565 nm was reduced to 1542 nm by annealing the fibre. A second FBG had

been inscribed 4 cm from the end of the silica fibre with 244 nm UV light from a
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frequency doubled CW Argon lon laser, using the standard phase mask

approach.

FBG

POF

Optical Glue

FBG

Silica

Figure 8- 5: Diagram of temperature and humidity sensor.

Due to the high attenuation of POF at the wavelengths used (around 1dB/cm), the

silica FBG was fabricated with a reflectivity of about 4%, which allowed similar

levels of signals to be obtained from the two gratings when they were illuminated

with light from a broadband light source and observed in reflection using an

IBSEN I-MON 400 wavelength interrogation system, see Figure 8-6.
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Figure 8- 6: Spectra returned from sensing gratings. In each case the POF FBG is at the longer

wavelength.
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The sensor was placed inside an environmental chamber (Sanyo Gallenkamp) for
characterisation. Previous research had shown that for this fibre, the diffusion time
for water to reach the core was 30 minutes and so each reading was taken 30
minutes after the humidity was changed by 5%. Figure 8-7 shows the response at
25 °C of both sensors to humidity in the range 50-95%, where the environmental
chamber had greatest stability. The humidity sensitivity of the POF appears to be
linear over this range and linear regression (illustrated in the figure) returned a
sensitivity of 35.2+0.4 pm/%. It may also be seen that the silica fibre showed some
sensitivity to humidity, amounting to just 0.28+0.01 pm/%, probably as a result of

the FBG being recoated with polymer following inscription.
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Figure 8- 7: Humidity response of the sensors. Note the very different scales on the ordinate axes.

The temperature response of the two sensors at a constant 50% humidity is
shown in Figure 8-8. The sensitivities returned by linear regression are 13.9+0.3

pm/°C for the silica FBG and -55+3 pm/°C for that in POF.
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Figure 8- 8: Temperature response of the sensors.
8.2.3 Discussion

The parameters (Bragg wavelength shifts) vector L, that can be measured are
usually assumed to depend on the measurands (humidity and temperature) vector

X through a linear transform in matrix format as:

L = KX (8.1) [5]

L
where L={ POF} is a two element column vector of the wavelength shifts
Silica

H
measured from the POF and silica gratings, X = {T}S a two element column

vector of the humidity (H) and temperature (T) variation experienced by the
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352 -55

ratings and K =
g g {0.28 13.9

} is @ 2x2 matrix containing both grating humidity

and temperature sensitivities measured earlier. Equation 8.1 can be inverted and

humidity, temperature changes can be calculated as:

X=K"L (8.2)

where K =
-0.006 0.0697

0.0275 0.109 _
represents the inverse product of K. Key to the

successful operation of the technique is the degree to which K is well conditioned
[5]. As may be anticipated from the matrix K and K, this is a well conditioned
problem with the condition number calculated from the 2-norm of K being only 8.8.
Such a low value for the condition number is reflected in the way in which errors in
the measurements of the Bragg wavelength contribute to the uncertainty in the
measurands. As an example, a very modest resolution of 10pm in the
measurement of the Bragg wavelength of the silica grating would contribute an

error of only 1.1% relative humidity or 0.7 °C.

8.3 Conclusion

The proofs of concept experiments are conducted to examine the ability of POF
FBGs in detecting water in fuel. The POF FBGs show encouraging sensitivity to
the fuel samples with different levels of water content, even the sample with water
content of less than 20ppm. However, the response time of the device with 200
micron diameter usually takes 30-40 minutes, which is too long for practical

applications. The response speed should be improved in further work, maybe by
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reducing the cladding thickness of the fibre for quicker water diffusion into the core

region.

In this chapter, we have also characterised an optical fibre sensor system for
humidity and temperature, as shown in Table 8-1, comprising two Bragg gratings

recorded in silica and polymer fibre.

Table 8-1: Humidity and temperature sensitivity of POF FBG and Silica FBG.

FBG Device POF Silica
Humidity Sensitivity (pm / % RH) 35.210.4 0.28+0.01 pm/%
Temperature Sensitivity (pm/°C) -55£3 13.9+0.3

The response of this system is very well conditioned (2-norm condition number =
8.8) and consequently uncertainties in wavelength measurement do not lead to
large errors in the recovered humidity and temperature. Although the temperature
measurement range of the system is limited by the working temperature of the
optical glue, which is not as good as conventional electronic sensor (-40°C
~125°C) [6] and the temperature and humidity response time of the system is
much slower than the electronic sensor (8s for humidity and 30s for temperature)
[6], but the system do have better humidity measurement accuracy than that of
electronic competitors (typically 2.0% relative humidity) [6] together with

comparable good temperature accuracy.

179




8. Application of Polymer Optical Fibre Bragg Grating Sensors in Detecting Water

References

[1] http://news.bbc.co.uk/2/hi/8504734.stm, A BBC webpage covering the official
report of the British Airways plane crash at London Heathrow.

[2] WJ Lewis, WATER DETECTION DEVICE FOR FUEL LINE, US Patent,
3,787,650 (1974).

[3] Sean D. Pucketta and Gilbert E. Pacey, “Detection of water in jet fuel using
layer-by-layer thin film coated long period grating sensor,” Talanta, 78,1,300-304
(2009).

[4] Kaida Khalid, lonel Valeriu Grozescu, Lim Keng Tiong, Lee Teck Sim and
Roslim Mohd, “Water detection in fuel tanks using the microwave reflection
technique,” Meas. Sci. Technol.,14,1905-1911 (2003).

[5] Jin, W., Michie, W.C., Thursby,G., Konstantaki, M., and Culshaw,B.
“Simultaneous measurement of strain and temperature: error analysis,” Opt. Eng.
36, 598-609, (1997).

[6] Siricon SHT1x series temperature and humidity sensor datasheet, available
online at http://www.sensirion.com/en/pdf/product_information/
Datasheet-humidity-sensor-SHT 1x.pdf.

180



Thesis Conclusion

This thesis has been concerned in investigating the potential application of
polymer optical fibre Bragg grating in sensing areas. The background knowledge
relating to fibre Bragg gratings, polymer optical fibres and polymer photosensitivity
mechanisms is introduced respectively at the first few chapters of the thesis. The
rest chapters are related to the original experimental works including polymer
optical fibre Bragg grating fabrication, sensitivity characterisation and potential
applications development. The outcomes and further works of these experimental

works are concluded in following sub-topics.

Bragg Grating Inscription in Polymer Optical Fibre

Achievements:
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1.

A Bragg grating inscription set-up based on 325nm CW UV laser and phase
mask technique has been developed for fabricating Bragg gratings in polymer

optical fibres

Bragg gratings are successfully written in different kinds of polymer optical
fibres, including PMMA based single mode microstructured polymer optical
fibre, TOPAS cyclic olefin copolymer based few moded microstructured
polymer optical fibore and PMMA based photosensitive single mode step-index

polymer optical fibre

Further works:

1.

The fabricated PMMA based POF FBGs in this thesis are all working in the
wavelength region where PMMA exhibits high attenuation and this significantly
limits the length of the fibre used in grating fabrication, hence the application
areas of the polymer optical fibre Bragg grating sensors, as in many sensing
applications, especially in building sensing networks, long length of the fibre is
required. The further improvement should be concentrated on writing POF
FBGs in lower wavelength regions by using other phase masks and the ideal
region could be the visible wavelength region, where PMMA fibres have much
lower attenuation than in near infrared, though finding a suitable light source
could be an issue. In addition, the improvement of the quality, especially the
transparency of the polymer optical fibre could also be very helpful. Currently,
the polymer optical fibres used in this thesis are all fabricated in the lab
condition at low quality by different research groups and have attenuation as

high as 0.8~1dB/cm.
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Polymer Optical Fibre Bragg Grating Sensitivity Characterisation

Achievements:

1.

Thermal sensitivity of pure PMMA based microstructured polymer optical fibre
Bragg grating: To discover the thermal response of the fabricated Bragg
gratings in microstructured polymer optical fibres, a special rig for heating the
Bragg gratings was built. During thermal testing experiment, the PMMA
mPOFBG was heated up to 91.5°C in three heating-cooling cycles and the
Bragg wavelength of the grating shifts non-linearly to the lower wavelength
region with increasing of temperature. Furthermore, in each cycle, a
quasi-linear region always exists and the thermal sensitivity of the mPOFBG at
this region is varying between -97pm/°C and -71.8pm/°C. When performing
the thermal test of MPOFBG, the permanent operational wavelength shift of
the grating is also observed, once the fibre is taken above a certain threshold
temperature, which is able to be shifted to higher value by annealing the POF
before grating inscription. The mechanism of the permanent change in the
grating wavelength is proved to be caused by the change in grating period due
to shrinkage of the fibre. In addition, the quasi-linear wavelength response to
temperature is demonstrated to temperature up to 90°C by annealing the POF
at 100°C after successive heating cycles that can be accounted for by fibre

shrinkage.

Thermal sensitivity of TOPAS based microstructured polymer optical fibre
Bragg grating: The largest Bragg wavelength shift with temperature in

transmission to date is observed in TOPAS mPOFBG and the positive shift of
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the Bragg wavelength with temperature increasing is different with the
negative Bragg wavelength shift that was observed in PMMA mPOFBG. The
measured temperature sensitivity is 250+0.5pm/°C, when the device is heated

from ambient temperature to 28.4°C.

3. A stable gluing coupling method for connecting the single mode step-index
POF and the single mode step-index silica optical fibre is successfully
developed, which let the sensitivities of PMMA based step-index polymer
optical fibre Bragg grating to be characterised inside an environmental
chamber and supplies the mobility to the polymer optical fibre Bragg grating

outside the optical bench.

4. Unlike silica fibre Bragg gratings, the PMMA based step-index polymer optical
fibre Bragg grating appears to be sensitive to water. The linear humidity (45% -
85% RH) sensitivity response of step-index POFBG is obtained and the
characterised humidity sensitivity is 38.3£0.5pm per % RH. A linear Bragg
wavelength response to the temperature (18°C-39°C) is observed in
step-index POFBG which reveals a thermal sensitivity of -48.2+1pm/°C. The
step-index POFBG also shows a reversible and repeatable elastic response to
up to 2% tensile strain for a strain rate of 1me/min and the strain sensitivity is

1.33+0.04 pm/pe, which is better than that of silica FBGs.

Further works:

1. The stable coupling for connecting microstructured polymer optical fibre
Bragg grating and silica optical fibre need to be developed, so that the

sensitivities other than to temperature can be characterised.

184



2. The connection between step-index POF and silica optical fibre needs to
be further improved to extend the working temperature range. The
solution could be looking for other optical adhesive with large working
temperature range or trying to protect the connection point away from the

temperature variation.

3. In order to expand the potential sensing applications of polymer optical
fibre Bragg grating, we should measure some other sensitivity responses

of polymer fibre Bragg gratings, i.e. bending and pressure.

The Application of Polymer Optical Fibre Bragg Grating

Achievements:

Several attempts have been made for the investigation in the application of the

step index polymer optical fibre Bragg grating:

1. The PMMA based step-index polymer optical fibre Bragg grating is proposed
as a potential solution of strain condition monitoring of heavy ancient textiles.
When both the POFBGs and the silica FBGs are bonded to a woven textile
specimen with two part epoxy and PVA based conservation adhesive to
measure strain in the specimen, the POFBGs can provide better strain transfer
and offer less structural reinforcement than the silica counter parts in
quasi-static test. To further verify the effects of the adhesives to the strain
measurement, the long term strain test of the POFBGs bonded textile
specimen is conducted in a constant RH and temperature environment and

the results show that the adhesive is essential to strain measurement result:
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POFBGs bond with PVA adhesive have less structural reinforcement, while

POFBGs bond with epoxy adhesive offer better strain transfer.

The PMMA based step-index polymer optical fibres show the ability of
detecting water in fuel. In proof of concept experiments, the POFBGs exhibit
good sensitivity to the fuel samples with different levels of water content, even
the sample with water content of less than 20ppm. The response time of 200

micron diameter POFBG is 30-40 minutes.

An optical fibre Bragg grating sensor system for measuring humidity and
temperature simultaneously is built, by comprising two Bragg gratings
respectively recorded in step-index single mode silica optical fibore and PMMA
based step-index single mode polymer optical fibre. The response of this
system is very well conditioned and consequently uncertainties in wavelength
measurement do not lead to large errors in the recovered humidity and
temperature. The sensor system has better humidity measurement accuracy
(1.1%) than that of electronic competitors (2.0%) together with comparable
good temperature accuracy, though the temperature measurement range is

shorter and the response time is slower than the electronic sensor.

Further works:

1.

For textile strain condition monitoring applications, further work should be
conducted to the adhesive selection, which can offer little structural
reinforcement and good strain transfer. The adhesives together with the

POFBGs should perform the same test as described in Chapter 8.

For water detecting applications, the response time of the current POFBG

device is too long for practical applications. The response speed should be
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improved in further work, maybe by reducing the cladding thickness of the fibre
either in chemical way (etching) or mechanical way (polishing) for quicker

water diffusion into the core region.

3. The potential applications of polymer optical fibre Bragg gratings is far more
beyond that has mentioned in this thesis, for example, embedding the polymer
optical fibore Bragg grating into elastomers, like silicone rubbers to form a
sensor system, could be used to measure the pressure together with the shear
force applied to such a system, hence, may be applied into structure health

monitoring applications.

Finally, polymer optical fibre Bragg gratings have shown great advantage and
potential in sensing applications, though there is still a lot of work to be done in

this challenging research area.
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