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Abstract

Abstract

Novel fibre optic sensor (FOS) systems maintaining fibre Bragg gratings (FBG) are finding wide
application for health monitoring of large-scale structures such as dams, bridges, towers, as well as
aircrafts, robots, automotive vehicles, and in composite technology. The principal advantage of such
type of sensors is that the measured information is wavelength encoded (an absolute quantity). The
main advantages include small size, immunity against electromagnetic field, good resolution, high
sensitivity, and possibility to work in adverse environment. Especially small dimensions of the
sensor allow its application for investigation of composite materials. The use of sensors enables to
get information in areas, where other sensors would affect the structure or the material. On the other
hand, it is important to keep signal stability of the sensor to the measured value of interest and obtain
reliable data. Intimate embedment produces, however, additional perturbations affecting optical fibre
sensor such as general mechanical stress, microbending, bending, and point-wise transverse load,
which result in such undesirable sensor signal changes as attenuation, birefringence, spectrum
broadening, sideband increasing, or small wavelength shift. No reliable knowledge about those
effects and their consequences to the measured signal could be found in literature. This lack of
knowledge led to the motivation of this work.

The thesis discusses behaviour of uniform short-period fibre Bragg grating signal under before
mentioned perturbing influences. The main accent is made onto theoretical and experimental study of
additional mechanical perturbations: point-wise transverse indentation, and microbending, arising at
sensor operation depending on the grating integration type and measurement purpose. Response of
this type of gratings (unapplied and integrated in/on the object to be mesaured) to the axial strain and
composite-integrated gratings to the temperature is also investigated. Problems arising from the
sensor fixing on/in the object to be measured are considered.
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1 Introduction

1 Introduction

The sensor market requires reliable and precise measurement techniques for some special purposes,
such as materials research and large-scale object monitoring, where fibre Bragg gratings (FBGs)
have a chance to replace existing methods of monitoring and in some cases can be the only solution
to deliver reliable information regarding a measurand [Fuh98], [Voh98], [Lau99], [McK00],
[Wie00], [Woo00], [Bug00], [Lat01], [LeuOl], [Ten01], [Aoy01], [OLE02], [Nel00], [Gra00],
[Lop02].

FBGs are tunable wavelength-selective filters, sensitive to strain and temperature, which allows their
application as sensors in the field of metrology [Dak88], [Gra%95], [Udd96]. The key advantage is that
the measured information is wavelength encoded (an absolute quantity). This makes a sensor self
referencing, independent of fluctuating light levels, so that the system is immune to source power
and connector losses that plague many other types of fibre optic sensors. The ability to act, as an
“absolute” strain gauge is not available with standard foil strain gauges and opens up many
applications for materials, mechanical and civil engineering [Jin97], [Lau01a], [Moe01] [Bosi02].

It also offers advantages such as remote operation, high sensitivity, imperviousness to
electromagnetic interference (EMI), nuclear radiation, explosive or chemically aggressive media, and
low or high temperature conditions [Mas97], [Schu98], [Oth99].

One more advantage of fibre Bragg gratings is their small diameter. This enables their integration
into materials and structures, where small dimensions are necessary, such as endoscopes for
monitoring brain and arteries of the human body, pH-, pressure-, or temperature- measurement, local
damage inspection, or internal strain monitoring in composite materials with high localisation, strain
resolution, and response [Dak88], [Gra95], [Rao97], [Wan99], [Oth99], [Kas99], [Gau99], [Gra00],
[Oka00], [Ham0O0], [Leu01], [Pet02], [Oka02]. Their very low insertion losses and narrow band
wavelength reflection offer convenient serial multiplexing along a single monomode optical fibre for
which any fibre optic network can be implemented (star, series, parallel, ring) and modified over the
long term, thereby increasing flexibility. FBG sensors make possible localised, distributed, or quasi-
distributed monitoring of different materials and structures such as bridges, dams, towers, as well as
ships, aircrafts, spacecrafts, turbines in power plants, rotor blades in wind energy, vehicles and
highways [Maa97], [Ala97], [Tru99b], [Boss99], [Mou01], [Ferr02].
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Figure 1.1: Thermal sensitivity of different Bragg gratings: a) draw-tower acrylate-recoated
gratings (thermal sensitivity without coating 9.6 pm/K); b) commercial polyimide-recoated grating
(thermal sensitivity without coating 8.9 pm/K); c) draw-tower polyimide-recoated grating (thermal
sensitivity without coating 9.1 pm/K); d) draw-tower ORMOCER®-recoated grating (thermal

sensitivity without coating 11.7 pm/K) (After: [Tru01]).

On the other hand, some problems connected with grating integration technology and signal reading
still exist. Usually, the grating is prestressed with a coating material, which could be a reason of
subsequent failure of the grating. Even in the case of draw-tower gratings, a coating influence also
has to be taken into consideration (see Figure I.1a). Therefore, acrylate-recoated (AC) gratings are
usually not recommended for applications where long-term stability and reliability are required (see
Figure 1.2). In non-inert environments, cracks propagate due to the combined influence of stress and
chemicals, especially water. Polyimide-recoated (PI) gratings showed nearly linear thermal response
within the temperature range from -50°C to 200°C (see Figures /.1b-c). In a solution with pH = 13.9
and under mechanical loading over 3.5 months with an applied load of 5 N this coating type showed
critical failure (see Figure 1.3). ORMOCER® coating showed also nearly linear response to the
thermal loading from -60 °C to 100 °C (see Figure I.1d). After 58 days in a solution with pH = 13.7
and increased static loading until 23.5 N it was cracked and then damaged (see Figure /.4).

Bragg gratings are intrinsic devices and therefore susceptible to high strain-temperature sensitivity
and birefringence. They also have unique response to strain and temperature gradients along their
length, which can be undesirable in some applications because they introduce distortions into the
grating signal recorded. Therefore, the position of the grating inside the structure or material is
critical for reliable operation.

1-2
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Figure 1.2: AC-coatings: a) mortar-embedded and after 28 days revealed (arrows show mini-
cracks); b) 35 months concrete-embedded fibre (pH = 11) (After: [Hab00]).
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Figure 1.3: PI coa'ring after combined concrete integration (ph = 13.9) and mechanical loading
(5 N) until damage (after 3.5 months) (After: [Hab00]).

Material-integrated sensors require very precise and well-prepared embedment technology to avoid
considerable undesirable material influences which perturb the grating, such as general stress after
embedment, microbending and point-wise load. As a result of such perturbations, signals of installed
FBG sensors can suffer from attenuation, birefringence, spectrum broadening, sideband increasing,
or wavelength shift. This affects the signal of the sensor. Therefore, reliability and durability are of
equal importance for the industrial application of such type of sensors and have to be considered
during the design, manufacture and operation of sensors.

L Eo
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Figure 1.4: ORMOCER®-coating after 58 days in a solution (pH = 13.7). Critical failure
occurred at static load of 23.5 N (After: [Hab00]).

The initial aim of the present work is to study, systematise and analyse théoretical]y and
experimentally undesirable and unavoidable perturbations such as transverse stress, microbending,
and point-wise transverse indentation affecting FBG sensor signals and to analyse FBG responses to
the uniaxial strain and temperature for different types of sensors. Following this introduction,
Chapter 2 presents a literature review of the fabrication technologies, with an overview of the
properties of FBGs, existing sensor design, and sensing methods. After this background information,
theoretical methods of signal evaluation of uniform#FBG and some theoretical approaches in
evaluation of spectrum of perturbed FBGs are considered in Chapter 3. Experimental data regarding
investigations of uniform or sensor integrated FBG response to the uniaxial strain and temperature as
well as influence of undesirable perturbations such as general transverse stress, point-wise transverse
indentation, and bending are described in Chapter 4. Analysis of theoretical and experimental results
follows in Chapter 5. Chapter 6 includes conclusions regarding the investigated effects and
appropriate applications. Finally, recommendations regarding points for further investigation are
made in Chapter 7.
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2 Background

Fibre Bragg gratings are currently an object of numerous investigations because of their wide
applications in telecommunications and sensor technology. A uniform FBG is an internal fibre
optical filter that is tuned to a specific wavelength [Dak88], [Gra95], [HabO1], [Will01], [NelO1],
[Oth99], [Kas99], [Hil78], [Miz93], [Mas97], [Bob97a]. The filter consists of grating planes with a
refractive index variation in the range of 10%- 10°® contrary to the rest of the fibre core. This element
is characterised by the spectral data such as central reflected wavelength Ay (Bragg wavelength),

bandwidth, isolation, and transmittance [Ros00], [Gen98]. This chapter provides an overview of key
details regarding behaviour, fabrication and operation of such elements.

2.1 Fabrication of FBGs

Fabrication of the simple Bragg gratings could be divided onto three parts: the first is the usual
holographic technology, the second is recording of in-core fibre gratings using photolithography with
phase mask, and the third is point-by-point inscription [Hil78], [Hil84], [EI-89], [Gle89], [Hil91],
[Lebb92], [Jun93], [Miz93], [Hil94], [And94]. [Erd94], [Byr96], [Bil96], [Atk97], [Epw97],
[Lew97], [Ngu97], [Byr98], [Yab99], [Bre99], [Joh00], [Mil00], [Stu00], [Hag00], [Tru0l],
[Schi01]. The first trial in writing of Bragg gratings into the fibre core, 1978, could be classified as
internal grating inscription. Such definition comes from the fact that method introduce permanent
changes into refractive index of the fibre core by producing of standing wave from coherent radiation
at 514 nm reflected from the fibre ends. Such a permanent interference picture was called an
“internally* written grating [Hil78], [EI-89], [Bil96], [Atk97].

2.1.1 Interferometric fabrication technique

In the early 1980s, first trials to create a periodical structure on the optical fibre core were conducted
for telecommunication applications, such as a dispersion element (to couple one or more defined
wavelengths out of the fibre at defined angle or to couple one or more defined wavelengths from
planar into fibre waveguide) and an optical fibre filter [Mah78], [Sva86], [Sva89], [More89],
[Syt94], [Hil97]. Standard and one-beam holographic schemes were applied for such purposes (sec
Figure 2.1). This technique allowed fabrication of strong periodical structures in the fibre core. The
possibility to write periodical structures inside the fibre core brought them wide application. Morey
et al. reported the first successful external writing with interference patterns from two beams
irradiated from two UV light sources [More89].
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Figure 2.1: Two holographic schemes: a) common holographic scheme b) one-beam holographic
scheme.

Two beams create an interference pattern in the photosensitive fibre core, which introduces changes
into refractive index of the fibre core. Changing the angle between the two beams can change the
period of the resulting structure. On the other hand, holographic schemes have very strong
aberrations determined by difference of recording and reproduction beams. A solution to this
problem was proposed by using objective in one arm of the holographic scheme or by using
intermediate holograms (see Figure 2.1).

The one-beam holographic scheme found wide application because it uses fewer optical elements
and has the advantage in manipulation of the recorded structure period. Problems existing in such
technology are connected with strict requirements on the mechanical stability of the optical scheme
and strict control of spatial and time coherence of two recording beams.

2.1.2 Phase-mask technique

The next step in fibre gratings fabrication technology development was the application of the phase
mask for fibre Bragg gratings fabrication as reported in the early 1990s by the two largest
laboratories in the branch: Communications Research Centre, Canada, and AT&T Bell Laboratories,
NJ, USA [Hil78], [Hil84], [Mel89], [Hil91], [Hil96], [Miz93], [Jun93], [Erd94], [Bil96], [Yab99].



2 Background

Figure 2.2: Fabrication of the uniform FBG: 1 - laser irradiation, 2 — phase mask, 3 - single mode
fibre, 4 — FBG.

Method of gratings imprinting into the fibre core after Hill involves contact imprinting through the
phase mask (see Figure 2.2). The optical fibre has to be in a contact with or very close to the phase
mask under irradiation of the excimer laser. KrF or ArF excimer lasers irradiating at 248 nm or
193 nm respectively, which work at pulse repetition rates of 50 - 75 pulses/s at intensity ranging for
100 - 1000 mJ/cm® could be used [Hil97]. The period of the grating was two times less than the
period of the phase mask. The grating was inscribed by interference pattern, which appears in the
result of + 1 and — 1 orders of diffraction of beams passed through the phase mask. The strength of
recorded gratings is not defined by the capacity of irradiation of the writing beam, but by resolution
of the interference pattern. Therefore, the main importance is made to the quality of the phase mask.
Amplitude of the phase mask is defined by the equation

4”(nsn'ica - I)A

=m+2m, (2.1)
AkF

where Ay, is the wavelength of the KrF excimer laser, which photo-induce the refractive index
changes An in optical medium with the refractive index ngy,., and 4 is an amplitude of the phase
mask, and » =0, 1, 2,.. [Hil94]. Such amplitude is designed to diffract approximately zero
irradiation in 0-order of diffraction through the phase mask. Actually, diffraction in O-order of
diffraction equals 1 % and in + I- and — I- orders of diffraction is more than 40 %. With the phase
mask technique the spatial and time coherence which were required in previous schemes is not
longer necessary. A lot of improvements or changes have since been made to this original technology
to achieve higher quality devices or devices of other geometry, such as tilted, chirped, long or
overwriften gratings. [t is possible to write structures with different periods by definition of the
distance between phase mask and fibre, using a projection system enlarging or diminishing
interference pattern [Miz93], or to increase fibre photosensitivity introducing heat sources or
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additional lasers [Byr96]. Figure 2.3 presents FBG fabrication technology with phase mask, which
uses the projection scheme after [Miz93].

/~ laser " cylindrical lense with

» focallength 1 m projection
system
phase mask
FBG
photosensitive
optical fibre

Figure 2.3: Photolithography with a phase mask using projection system.

An example of the grating transmission spectrum is shown in Figure 2.4. Reflection achieved with
such technology reaches 90%. It could reach around 100 %, which is important for
telecommunication application. Such a fabrication method allows control of the refractive index
change by amplitude modulation of the incident beam. Byron ef al. reported achieving amplitude
modulation by introducing a heating source into the fabrication scheme [Byr96]. This also increases
photosensitivity of optical fibres. Introducing a CO, laser focused irradiation into the fibre will create
a differential heating source in the fibre, where grating will be inscribed. Temperature is defined by
intensity of propagating beam through the fibre and duration of the irradiation.

A standard telecommunication fibre is not the best solution for writing of some types of FBG. A low
difference between core-cladding refractive indices leads to the radiation mode loss at wavelengths
shorter than FBG wavelength. Additional increasing of the fibre photosensitivity is required to
achieve better refractive index change in the fibre core [Bil96], [Lew97], [Ngu97].
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Figure 2.4: Transmission spectrum of AT&T Bell Labs FBG (After: [Miz93]).
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One of the ways to increase fibre photosensitivity is “hydrogen loading”™: molecular hydrogen is
“loaded” into the fibre in a high-pressure, low-temperature diffusion process [Miz93]. This method
allows achievement of 107 changes in the refractive index of the fibre core [And94], [Bil96].
Another possibility for photosensitivity increasing could be optical fibre doping with boron or Sn co-
doping with germanium. UV-induced index changes in such fibres reach approximately 107, Finally,
high-pressure cold hydrogen soaking demonstrated refractive index changes 107 [Kro91].

2.1.3 Point-by-point technique

The present fabrication technique consists in creating a refractive index change in one part of the
fibre core after another along the fibre axis. Fabrication scheme consists of single-pulse UV excimer
laser, a mask with a slit, focusing lens, and precise motorised translational stage equipment. Mask
and lens are mounted on the translational equipment and the mask is situated with a slit
perpendicular to the fibre. UV light from excimer laser passes through a mask slit, focuses on the
side of the optical fibre through focusing lens and induces refractive index changes inside the narrow
part of the fibre core. After inscription of one pitch of the future grating, positioning equipment
translates the mask and lens into the step A along the fibre axis. The period A corresponds to the
pitch of the resulting grating.

Incident : Lens imaging slit
UV laser Slit on fibre e
beam

Precise motorised translational stage

Figure 2.5: Schematic representation of point-by-point recording of FBG.

Such fabrication technology allows inscribing of gratings of any length and with any period, but a
precise and stable motorised translational stage is very important for the creation of strong and high
quality gratings. Grating recorded by Malo [Mal93] had 225 index perturbations resulting in the
length 360 um and reflected 70 % at the central wavelength 1536 nm. Malo et al. used KrF single-
pulse excimer laser irradiating at 248 nm, a mask with 15 pm slit, and a lens with 15 mm focal length
[Hil97]. Grating was written from the flat side of D-type polarisation maintaining fibre. Achieved

refractive index modulation was An=6x107> .
One of the special aspects of such fabrication technology is that it is not possible to write the first
order FBG because of the width of the photo-induced index perturbation. FBGs reflecting second and

third orders were fabricated instead. Disadvantages of present technology include errors occurring
due to the thermal effects and small variations in fibre strain during process. It is also important to
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note that it is a very time-consuming procedure. A very stable and precise submicron translational
system is essential for this technology. This method could be applied for custom fabrication,

2.2 Fibre Bragg gratings as the fibre optic sensing element

The application of an FBG as the fibre optic sensing element requires detailed understanding of the
principles and peculiarities of its operation, properties, such as sensitivity to the strain and
temperature, and additional effects arising in the result of influences of the medium such as general
or local transverse stresses.

The simplest case of the FBG could be represented as a periodic modulation of the refractive index
along a single mode silica fibre core. This type of grating is called uniform. Phase fronts of such
grating arc perpendicular to the longitudinal fibre axis and its planes have the constant period A .

2.2.1 Operation

Propagation of light through the FBG is shown schematically in Figure 2.6. Light propagated
through the optical fibre with FBG will be reflected from the each plane of the FBG, if the

wavelength corresponds to the Bragg condition
/13 = 2?1@/}/\, (22)
where Ap is a Bragg wavelength, n,q is an effective refractive index of the fibre core, and the

distance between gratings planes is A (period of the FBG).
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Figure 2.6: Schematic drawing of light propagation through the optical fibre with FBG on the fibre
core (After: [Oth99]).
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The other part of the light will be transmitted through the grating and propagating farther along the
fibre (see Figure 2.6). Resonance light, which does not coincide with the Bragg wavelength, will be
partially reflected at each of the planes of the grating because of the index difference. Such reflection
accumulates over the length of the grating. For example, the 1 mm-long FBG at the wavelength
1500 nm with the strong refractive index modulation An = 107 will reflect approximately 0.05 % of
the off-resonance incident light [Mas97], [Oth99], [Kas99], [Tru01]. Spectra of incident, reflected
and transmitted light are shown in Figure 2.6. Reflected light will form a peak with the central
wavelength defined by Bragg condition (2.2) and the bandwidth

(2.3)

where m 1is a fringe visibility of the index change (approx. 1 for strong gratings and approx. 0.5 for
weak gratings), N is a number of grating planes [Rus93], [Erd97], [Rao97]. Transmitted light will
form a notch, central wavelength of which will correspond to the Bragg condition and the bandwidth
AA (2.3). The grating, because of its geometry, is sensitive fo the strain and temperature influences,
which result in the change of the FBG's period A and an effective refractive index modulation of the
FBG that make it important for sensor applications.

2.2.2 Properties and characteristics

Properties of the FBG, such as temperature and strain sensitivity, are the reason for their wide
application in sensor field. However, being an intrinsic device, an FBG is sensitive to the gradient
stress and temperature influence along its length. One of the effects which appear as a result of
stress- or temperature- induced geometry changes is birefringence observed in FBG spectrum. This
effect can be undesirable in some applications and therefore have to be investigated.

Strain and temperature sensitivity

The Bragg wavelength of the grating is a function of grating period and effective refractive index of
the fibre core along the Bragg condition (2.2). The distance between grating planes A defines the
wavelength reflected by the grating (see Figure 2.6). Tuning fibre core geometry along the fibre axis
can change the wavelength reflected from the grating. Such properties make FBGs ideal temperature
sensors or strain gauges [Jin97], [Mag97], [Sir98]. [Tan96], [More89]. [LeBI196], [Hua93a], [Hua%4].
[Hua95b], [LeBI00], [Ohn97], [Lin98]. Thus, temperature or strain influences can be measured with
FBG sensor by monitoring of Bragg wavelength. When it is important to measure only one of those
influences, the other has to be eliminated. For analysis of strain influence onto FBG, it is important
to exclude temperature influences and vice versa.

The mathematical model for the calculation of strain and temperature influence on the FBG is well
developed [Oth99], [Kas99]. By differentiation of equation (2.2) for temperature and elongation, the
Bragg wavelength change will appear as follows:

oni AA on,¢ BA
eff eff S
Adg =2 A AL+ A + AT .

? ( a " azJ [ ar " ar 4
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Estimation of the dependence of the Bragg wavelength change Alg on the elongation of the grating
Al and the temperature change AT is shown in Figure 2.7. To express only temperature
dependence from equation (2.4), it is taken into consideration that there are no strain effects

1 dneﬂ'
AL =Ag|la+ —— AT,
B( P (2.5)

where @ is a coefficient of thermal expansion (CTE), ngy is an effective refraction index of

dneff . i . dnejf
T is a thermo-optic coefficient. All values a, n,r and g depend on the

material of the medium and could vary [Oth99], [Rei98], [Lin98], [Wag96], [Kim92], [Stee95].

medium, and

dn,g
Following values for: & =0.55x 10 1/K, ngy = 1.482, and d—;{f =11x10® 1/K can be taken

“for common silica glass fibre.
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Figure 2.7: Dependence of a Bragg wavelength change on linear strain AZ(E) and temperature
AAT).

For modelling of strain influence onto FBG, it is taken into consideration that geometry of the
medium is cylindrical and homogeneous in all directions. In the case of pure axial strain formulation
(2.4) transfers to the appearance

Al
TBB— =K.£;, 2.6)
where g, is an axial strain along the fibre axis z, K, = (I = pe) is an axial strain Bragg wavelength

coefficient, which can be defined experimentally and p, is an effective strain-optic constant

2
n ‘
Pe = eg [Plz"’(Pn +P12)]’ (2.7)

where py, pp» are Pokel’s coefficients of a strain-optic tensor, and v is a Poisson’s ratio.



2 Background

Young’s modulus for silica glass fibre is 74000 N/mm?, and the effective strain-optic constant,

calculated from (2.7) for a silica glass, is 0.213 [Dav96], [Oth99]. Below are given calculated
dependencies of the wavelength change on applied temperature and strain. For the Bragg grating
with the central wavelength 1550 nm, calculated sensitivity to an axial strain is 1.2 pm/pe and
sensitivity to a temperature is 14 pm/K.

Transverse stress-induced effect

Bragg gratings have a unique, but not always desirable, response to the gradients in stress and
temperature along the grating length as well as transverse stress influence. They are intrinsic devises
and therefore susceptible to birefringence [Sny81b], [Law95], [Hua%6], [Mart99], [Gue02]. The
refractive index of the FBG will change and two plane-polarised waves will propagate, with the
principal axes of polarisation parallel ( y ) and perpendicular ( x ) to the direction of applied load (see

Figure 2.8).
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Figure 2.8: Orientation of the transverse electric field for the x-polarised (a) and y-polarised (b)
fundamental modes on an arbitrary step-profile fibre [Sny81b].

Influence of the uniaxial, transverse strains and temperature on the Bragg wavelength change in x-
and y- polarisation axes are given by

2 2 2 2
AA n n n R 1
S W Piz €z~ ) Priéx— 2z P12éy+ - (P11+2P12)a+ = | AT,
2 2 2 ny dT

(2.8)

AA P Ao o pi® ot
¥y eff eff eff eff 1 dn
—=|1- B Bl Foof] == Bl ) o+ e AT’
. [ PIZ] z 2 Pi2éx 3 Pr1&y 2 (PH Pu) et ar

where £,, £, are transverse strains and ¢, is an axial strain. For the germanosilicate fibre this

¥
system of equations is obtained:
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Figure 2.9: Calculated dependence of the Bragg wavelength on the applied force for x- and y-
polarisation axis in a case of plane strain &, = 0.

An example of the Bragg wavelength changes along x - axis and y - axis at the plain strain for the
2 mm long FBG with (1550 nm) is presented in Figure 2.9.

As follows from (2.8a), change of the wavelength under uniaxial strain is much larger than induced
by transverse strains, which can be seen from calculated data. In some cases, transverse strains can
achieve general influence of 50 % [Mart99]. Bare FBG in isotropic material will react for
temperature, axial and transverse strains as follows [Stee95]

AA E.+E

... 8 Kh(*_y)Jr KpAT (2.9)
s 2

Ady

2 - k(e -ey)s (2.10)
Ag

where Ad,,, is the average wavelength change, Ay is the differential wavelength resulting from

birefringence and K,, K. Ky, and Kg can be found experimentally and are defined by

2 2
n R c,-C
K, 2[1_ a_2;jf Plz]"‘%(ﬁ‘l] +Plz)m—c’ (2.11)
2Gm+7
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where G is a shear modulus, C is a Lame’s constant, v is a Poisson’s ratio, « is a coefficient of
thermal expansion of the material, G,,, C,,, v, and «,, are the same constants for a host material

[Li01], [Lop02].

2.3 Application examples of the FBG sensors

At present, FBG sensors occupy a significant place on the world sensor market. Large-scale structure
monitoring and investigation of new or complex materials are two main application fields, where
FBG sensors are used extensively at present. Especially, FBG sensor networks are crucial in health
monitoring of some specifically structured or susceptible composite materials where it is not possible
to use other sensor types. FBG sensor schemes existing at present can be divided into three groups:

- point (localised), in which information of a particular measurand is obtained at a particular
location;

- distributed, in which information of the measurand can be determined along the length of the
fibre itself;

- quasi-distributed (Mu!tip!exed), in which information of the measurand is obtained at specific
pre-determined points along the length of a fibre network [Mer96], [Gra00].

Some attempts of commercial types of localised FOSs maintaining one or few FBGs were
successfully realised [AOS], [Gei99], [Tel]. [Slo98]. One of them is, for example, Q-shape sensor
maintaining two gratings with application in the monitoring of bridges [Slo01]. Two gratings with
PVC protecting coating are glued with epoxy on the surface of the (-shape steel construction
[K1i96], [Schl99] (see Figure 2.10a). This sensor allows strain measurement with a sensitivity of
approximately 1.24 pm/pe after fabrication. Its operation rate lies between -3000 and
1000 microstrain [Schl199]. Another example could be strain-pressure steel sensor rod using fibre
with FBG prestrained and fixed inside the steel tube [Tel], [Gei99], [AOS], [Schl99], [Gl699],
[Voe99] (see Figure 2.10b). It is possible to measure strain up to 10 000 microstrain with a
resolution of approximately 3 microstrain. There are also sensors for temperature measurement
maintaining one FBG fixed on the quartz-substrate [Boss01], mechanically stabilised temperature
sensors using one FBG glued inside a quartz capillary with siloxane glue [Teu00], and a thermal
compensating sensor, which use optimised FBGs for the sensor network fixed in the quartz-
borosilcate glass housing [Bar0I].

2-11



2 Background

A S A %
v ~—— Optical fibres

—-- Sensor carrier

Optical
fiores

/s

Y
Sensors —-/

| 400 mm

Figure 2.10a: Commercial localised FBG sensor types maintaining one or few FBGs: a) {>-shape
sensor (After: [Schi99]).

Figure 2.10b: Commercial localised FBG sensor types maintaining one or few FBGSs: a strain-
pressure sensor rod of Telegértner Gerédtebau GmbH (Lab. S.12, BAM).

There are also many different non-commercial FBG sensor designs, which have also found wide-
spread industrial applications [Hoc79], [More89], [Kim92], [Mea92], [Stef94], [Law95], [Kli96],
[Jin97], [Bha97], [Mag97], [L097], [Vri98], [Hab98], [Dew98], [Fuh98], [Hua98], [Voh98], [Ber00],
[Jen00], [McKO00], [Lau01], [Tru01], [Gue02]. Usually, for reliable application or embedment of
FBG sensor or FBG sensor system it is better to fabricate or buy commercially available FBGs with
precisely estimated characteristics and implement them into a sensor design. It helps to avoid further
errors, which could be decisive for the sensor operation. Examples of the sensor design manufactured
in laboratory could be strain-independent temperature measurement with two gratings laminated
between two 20 pm thick polyimide sheets (see Figure 2.11a) or temperature-insensitive strain
measurement with double-gratings sensor (see Figure 2.11b) [Har98], [Bet01], [SpiO1].

patch
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capillary

FBG

Figure 2.11a: Non-commercial localised sensor types: strain-isolated fibre Bragg grating (SIFBG)
and an optical fibre sensor patch (After: [Har98]).
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Figure 2.11b: Non-commercial localised sensor types: double Bragg grating strain sensor
configuration for a temperature insensitive strain measurement (After: [Spi0T]).

Bragg gratings fabricated for sensor application have a reflectivity less than 90 % and a narrow band
wavelength reflection, which make possible also serial, parallel, or branching multiplexing of such
sensing elements depending on the intended application. Therefore, FBGs can be implemented in any
architecture of fibre optic network, allowing distributed or quasi-distributed sensing [Ala93], [Sir98],
[Oth99], [Jen00], [Cul00] [McKO0], [Ten00], [Lop02]. The following division-multiplexing
techniques have been reported:

- time (TDM) exploits the ability to separate in time the response from one sensor separated
from another by a length of optical fibre [Weis94], [Wils01];

- spatial (SDM) uses switching between different channels, each of which can contain one
or more other multiplexing techniques [Kall95];

- wavelength (WDM) uses series of FBGs separated in the spectrum [Oth99];

- frequency (FDM) uses sources which power slightly unbalanced sensor interferometers and
the sensor outputs carried only one signal from each of the source lasers [Dav95];

- coherence (CDM) uses pairs of gratings with different spacing along the fibre line and
interrogates their reflections using a scanning Michelson interferometer to separate their
returns in the coherence domain [Dak97].

Most extensively applied multiplexing techniques are TDM, WDM, and SDM as also their
combinations [Rao96], [Cha99], [Cha01]. The combination of TDM and WDM techniques can allow
multiplexing of larger number of sensors and sensor arrays by re-using the spectrum of the source.
Several serial FBG arrays could be applied on the greater distance one after another in the serial
scheme, which allow also TDM techniques to be used. A 10x10 system could be possible with such a
multiplexing technique but problems can arise due to multiple reflections of overlapping wavelength
FBGs separated in time, which could experience cross-talk through such “spectral shadowing”
[Gra00]. Parallel and branching networks will eliminate this problem.
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Figure 2.12: Point-sensing sensor types maintaining one or several FBGs: a) two sensor array
installed in Acton Town Bridge (After: [Wei00j); b) branching FBGs network for cure monitoring of
composite materials (Lab. S.12, BAM).

One of examples can be health monitoring with distributed FBG sensors network designed for space
applications [LatO1]. Figure 2.]12a presents two-sensor array applied for bridge monitoring by
Damage Tolerance Group of Cranfield University [Wei00]. Branching quasi-distributed
measurement with FBG arrays embedded into the FRC material are shown in Figure 2.12b [Lebi02].
Beside the architectures mentioned, there are also more complex networks composed on basic
networks implemented.

2.4 Signal recording methods

The development and wide application of Bragg gratings give rise to a need for new interrogation
techniques suitable for the recording of the signal provided with this structure. Response from the
Bragg grating gives a spectrum of approximately Gaussian shape. The centre of such shape gives the
central wavelength of the grating, which characterises the FBG. Measured parameters such as
temperature, strain, or displacement induce changes in the grating spectrum. Interrogation schemes
have to register changes in spectral response from FBG sensor or sensor networks. Measurement
techniques used in the various applications depend on the measurement purpose and possibility
[Mea92], [Ala93], [Weis94], [Vol96], [Dak97], [Mas97], [Fer99], [Oth99], [F1a99], [LeBIl00],
[Fuh00], [Wils01], [Tod01], [Weis01], [Zha02], [Baa02], [Lop02]. In sensor applications, primarily a
broadband source (BBS) and an optical spectrum analyser (OSA) for spectral measurements are used
[Mea98], [Chan99]., [Cha00]. Interrogation technique applicd for FBG signal recording has to
convert FBG signal -modulations into an appropriate optical intensity modulation and later into an
electrical signal. Therefore, present research and development in the area of measurement concepts
are directed to perform such transformations.

For strain or temperature measurement, wavelength resolution of such interrogation schemes have to
achieve 1 pm to resolve a temperature change of 0.1 K and strain change 1 ue and assure high quality
measurement at initial grating wavelength 1300 nm [Oth99]. This places high demands for precise
measurement of the Bragg wavelength shift of the FBG. The conventional case of passive broadband
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interrogation technique from single FBG is shown in Figure 2.13. In such sensor schemes, simple
source-detector technology is applied, where a variety of possibilities at present time exists [Lop02].
The FBG sensor is illuminated with BBS or tunable laser (TL), which cover the extent over which
the sensor will operate under influence of the applied perturbations. The narrowband reflected light is
directed to the detection system. There are various waysjto differentiate any change in the reflected
wavelength, such as basic spectrometer, passive or active optical filtering, and interferometric

detection.

applied perturbation

—>
[BBS— - 3= HHHHA
FBG

sensor

Bragg wavelength
detecting system

Figure 2.13: Example of the simple signal demodulation scheme from the localised sensor (After:
[Gra00j).

Varieties of demodulation techniques have been presented in recent years. Interrogation techniques
which find wide application at present, are given in Table 2.1.

Table 2.1: FBGs interrogation technique [Oth99].

Edge Tunable filter | Interferometric | Tunable laser Uk

filter spectrometer
Range to resolution | 10°-10’ 10°- 10* 10°-10* 10°-10° 10° - 10°
Measurement speed high high high high high
Long-term stability good good good good good
WDM compatibility low high high high high
Potential cost low medium low high medium

Table 2.1 first shows example of a passive broadband interrogation (an edge filter), which was the
first commercially available technique for the FBG signal recording. Edge filter provides a
wavelength-dependent loss when the cutoff is close to the signal wavelength presenting a linear
relationship between the wavelength shifts and the output intensity changes of the filter [Oth99].
Comparison of light transmitted through the filter with light passed along a reference path gives the
wavelength shift of the FBG sensor. The measurement range is inversely proportional to the
detection resolution. A low resolution of a few tens of pe was demonstrated over a range of several
me [Mea92]. This approach is low cost and simple in handling but provides a limited range and
requires filter stabilisation.
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An example of interferometric interrogation technique is unbalanced optical fibre Mach-Zehnder
interferometer (MZI). A sensitivity of 0.1 pm is possible with MZI. In addition, MZI can be applied
for strain and temperature measurement. Reported strain response of the FBG (1550 nm) is
1.2 nm/me [Mar92], [Ker92]. This interrogation technique requires referencing FBG or other
methods for thermal drift compensation in the interferometer.

Scanning optical filters involve such devices as the tunable Fabry-Pérot filter (FPF), acousto-optic
tunable filter (AOTF), and Bragg grating-based filter [Var96], [Rao96], [Hen], [Dye99], [LeB100],
[Xie02]. The demodulated output results from the tunable filter spectrum and the grating spectrum. Tt
is optimised when the spectra match each other. Measured resolution of those devices is strongly
dependent on the signal-to-noise ratio of the return signal and the line-widths of the tunable filter and
the sensor. Strong gratings and sources have to be used to obtain the good wavelength resolution. In
addition, measurements with low reflectivity gratings (2 %) and erbium sources (average powers of
10 mW) have demonstrated 1-pe resolution. Such resolution together with the large effective range is
sufficient for most structural monitoring applications [Weis94], [Mer96]. An example of filter
interrogation which found wide telecommunication and sensor application is FPF. Tuning with FPF
is achieved by accurate displacement of the mirror separation using a piezoelectric (PZ) element and,
thereby, changing the cavity spacing. At present, it is possible to scan rates close to I kHz with FPF.
In the scheme where only one FBG is applied, light from a broadband source illuminates the system;
a narrowband signal is reflected from the FBG and directed to the FPF through the coupler. Filter
bandwidth is comparable to the FBG bandwidth, whereas the free spectral range (FSR) is larger than
the operating range of the grating. Resolution of approximately 0.1 pm over the working range of
40 nm could be achieved with FP filtering [Dav95], [Ros00]. FPF, operating in the wavelength-
scanning mode, can be used to address several FBGs. The spacing between FBGs has to be between
2 and 4 nm, which limits the maximum number of gratings to 20 within a bandwidth of the typical
BBS source 40 nm. This technique requires filter stabilisation. At present up to 60 FBGs can be
measured with such an interrogation technique [Dav96b].

Another element of measurement technique, which has found wide application and ensures
interrogation of any configuration of the fibre optic sensor with one FBG or an FBGs-array is
calibrated narrow-linewidth single-frequency continuously wavelength-tunable erbium laser [Oth99].
The main advantage of this technique is improved signal-to-noise ratio, because the system
determines the maximum in reflected power. Operating range reported by Ball et al. was 2.3 nm
[Bal94]. Coroy et al. reported improved operating range 8 nm, and Maeda et al. achieved 38 nm
[Mae99]. At present tunable lasers covering 100 nm spectrum with wavelength resolution better than
1 pm are available without use of tunable FP filter technique (ANDO Inc.).

A charge-coupled device (CCD) spectrometer overcomes limitations to the tuning range and the
system bandwidth by parallel detection of the entire recovered-light spectrum [Ezb96], [Ezb97]. The
CCD-spectrometer collects all the light reflected from each FBG over the entire scan period. It uses
the bulk diffraction gratings, which direct the incident light across a linear array of detector pixels.
Its resolution is typically 0.1 nm, but when the bandwidth of the measured wave exceeds one pixel
the use of some processing techniques can result in improved wavelength resolution. A resolution of
approximately 1 pm can easily be achieved when using a spectrometer with a 0.1 nm pixel resolution
[Ezb98). Strain sensitivities are better than 1 ue using this approach. The advantage of this
technology is that CCD spectrometer in contrast to the passive optical filters is stable towards
environmental fluctuations.
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2 Background

Requirement for high-resolution measurement in laboratory conditions could be met with
commercially available conventional systems. Usually, an optical spectrum analyser (OSA) together
with tunable laser (TL), or broadband source (BBS), or, in some cases, swept diode laser (SDL), are
used in the simple interrogation technique because of their high resolution, simplicity in handling,
long term stability as well as possibility of quality analysis of any sensor network [Mec97],
[Mori99], [Mae99], [Ros00]. Nevertheless, this technique cannot be considered as a practical
solution for FBG signal demodulation due to their size and lack of robustness. Often, it is easier and
more practical to use smaller and cheaper devices especially for field measurements, where large
measurement equipment could be unsuitable or even impossible to use.

Swept
Laser PRl =3

picoWare

i FBG sensor
o |
- T
o FBG sensor
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® g
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Figure 2.14: Swept laser interrogation scheme (After: Micron Optics Inc.).

One of the simple and practical solutions applied at present for field measurements is a swept laser
interrogation (SLI) unit (Micron Optics Inc.). The FBG-SLI is a high-power, fast, multi-sensor
measurement system. Figure 2.14 shows this interrogation technique. The advantages of this
technique include resolution better than | pm, operating range 40.95 nm, accuracy better than
0.005 nm under most conditions of operation, and possibility to demodulate signal from up to 64
FBGs in one fibre. Four channels and the powerful swept-laser source allow monitoring up to 256
sensors, which are scanned simultancously at 108 Hz. The FBG-SLI unit found application for
measuring strain, temperature, and pressure from dozens of sensors in a single fibre [MOI].

2.5 Technological problems

Problems resulting from the process of manufacturing and appearing at installation and operation of
the FBG sensors can be divided into following groups:

reading of the sensor information obtained from measurand of interest besides of
undesirable and unavoidable influences of medium such as vibrations, transverse or
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unsteady strains, microbending, as well as residual stress after thermal or mechanical

shocks;

calibration of embedded sensors after an embedment procedure;

reliability of FBG’s coating:

o acrylate coating, which has much smaller Young’s modulus than the fibre core,
can lead to creep effects and has influence on transmitted-reflected signal of
FBG, for example in concrete, some composites, and metals;
o polyimide coating dissolves under the influence of water, which prevents its
application in the cases where water/moisture influence is unavoidable;
packaging of FBG;

embedding technique:

o

survival of FBG sensor in harsh environment or aggressive media such as
cementitious materials;

reduction of perturbing influences such as microbending, micro-cracks, local
indentation, or other micro effects arising during curing or in harsh environment
or aggressive media such as cementitious materials;

influences of the measured matrix and environment at the operational stage;

optical stability e.g. for significant attenuation of the signal in the result of large
transverse loads.

demodulation technique:

o

o

o

stability of the Bragg wavelength under undesirable mechanical effects to avoid
overlapping of neighbouring spectra in distributed sensor networks;

insufficient output power from light source to read the signal from FBG e.g.
under large values of transverse load, where significant attenuation occurs;

insufficient bandwidth to cover bandwidth of FBG array;
insufficient resolution to fix narrow bandwidth of FBG;

high quality demodulation technique is too expensive for wide application.

It is important to define selection criteria to pick out unreliable and/or pre-damaged sensing elements
before their integration into the sensor design. For example, in embedded FBG arrays, if one FBG
suffers from significant spectral modulation it could lead to the failure of whole array, where repair is

not possible.
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3 Theoretical investigations of FBG signal changes due to
perturbing influences

The sensor application requires flexibility in achieving desired spectral characteristics of the fibre-
optic sensing element to ensure precision and stability in operation of the sensor. The FBG offers
such flexibility [Erd97], [Bob97b], [Oth99], [Tru99a]. At present. it is possible to create FBGs with
defined profile to achieve higher or lower reflectivity, broader or narrower bandwidth, steeper or
sloping cutoff of the spectrum, and longer or shorter grating length. It is important to estimate FBG
parameters before their application in the sensor scheme, which requires a well-developed theoretical
approach for FBG design and understanding. This chapter considers some approaches applied for the
analysis of FBG spectral characteristics under uniform conditions, and in the case of various
influences, such as temperature, transverse stress or bending.

3.1 Analysis of the unperturbed and uniform FBG spectrum

For the propagation of electromagnetic radiation in the uniform and unperturbed FBG inscribed into
the fibre core, it is important to create an analytical model in such a medium to study characteristics
of the FBG. Traditional models of light propagation are rather inconvenient for the FBG analysis. It
is possible to use Maxwell’s equations for modelling light propagation in some periodical structures,
but for fibres with circular cross-section, the equations are complex and include Bessel functions.
Even if a precise solution is possible in this case, the physical content of phenomena is complicated
with the need to solve characteristic equations. Snyder defined a range of intrinsic properties for
Maxwell equations which complicate the solution, and elaborated a simple, approximate model of
light propagation in the single mode fibre which allows calculation of fields, propagation constants,
and other parameters necessary for description of the propagating mode along the optical fibre with a
step-profile refractive index [Sny81a], [Sny81b]. More detail is given in Attachment A.

The theory of light propagation through periodical structures called coupled mode theory, which
found wide application for the evaluation of FBGs, is a variety of perturbation theory and is
elaborated sufficiently at the present time [Col73], [Ung80], [Lov84], [Yar84], [Mdr95], [Erd97],
[Hil97], [Bob97b], [Kas99], [Oth99]. Coupled mode theory is particularly useful when a slight
perturbation has a large effect on the modal power distribution. The FBG-induced refractive index
change An in the fibre core is noticeably smaller than the refractive index n,, . Therefore, the FBG

can be considered as small perturbations which vary arbitrarily along a fibre core and cause a
coupling and power exchange between the incident and reflected modes [Yar84]. The coupled mode
theory for uniform FBG is described in Attachment B.
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Figure 3.1: Schematic representation of the considered medium.

The general analysis considers a step-index single mode fibre, which consists of the core and the
cladding - its geometry is taken to be cylindrical and axially symmetric (see Figure 3.1 ). The core
and the cladding of the optical fibre have identical mechanical and photo-elastic properties but
different refractive indices n,, and n., where n, > ny . The assumptions are valid for standard
telecom single mode fibre. Figure 3.1 shows a section of the optical fibre core with radius p and
uniform refractive index n,, along the axis z.

T O N

transmitted wave

incident wave

Figure 3.2: Schematically represented uniform FBG.

The UV-induced refractive index perturbation called an intra-core periodical structure, namely the
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FBG, is shown in Figure 3.2. The effective refractive index n,y; (z) of the fibre core with FBG is
given by

2n 2n
2 R
neﬁr(z)znco+An(z)-[l+m-cos%z:|:nm+An(z)- 1+%-[e A e A ] 5 (3.1)

where parameter m is a contrast determined by the visibility of the UV fringe pattern, An(z) is the
FBG-induced refractive index change along the axis z which essentially determines the optical
properties of the resulting gratings.

3.1.1 Calculation of the FBG reflection spectrum
For a weakly guided fibre, when n,, = n,,, polarisation effects can be ignored. Only x -polarisation

of the field is considered. The strongest interaction between modes in the fibre core occurs at the
Bragg wavelength determined as

Ap =2n4 A, (3.2)
where n,; is an effective refractive index along the grating length.

Since a uniform FBG is examined, where coupling occurs between modes propagating in opposite
directions, a simple solution for transmission and reflection could be obtained. An incident wave

A (2)w(r)e % and a reflected wave 4, (z)w(r)e’?* are considered, where 4;(z) is the incident
wave amplitude, 4, (z) is the reflected wave amplitude, £ is propagation constant and w(r) is a
scalar wave function. The system of equations for amplitudes of propagating and reflected modes is
given by

z
(3.3)

d . * —j-AB-
— A5 = jr A HE
T 5 =/ 1

where A =27 --%AE is a change of the propagation constant, and x = % [rwz(r)kez (F)mlr)ar isa
0

coupling coefficient, where kg (r) is a wave number and m(r) is a contrast of the pattern. Solution
of this system is found at boundary conditions: 4,(L)=0 and 4,(0)=1 and is given in
Attachment B. Definition of the propagating and reflected waves amplitudes makes it possible to find
the FBG reflectivity, which is given by

4,(0)
4/(0)

[Yar84]. Substitution of the solutions for the propagated and reflected modes into (3.4) gives
equations for calculation of the FBG reflectivity

2

R= (3.4)
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* i 2 % ==
i x * ke sinh?[s - (L - 2)] , at 52 >0,

s? -coshz[s-(L—z)]+(—Az£J2 sinh?[s-(L-z)]

3 (3.5)
. k*wesin’fs(L-z)] ,at s2<0,

2 cos?fs-(L-2) {%}2 sin[s-(-2)]

2
where s#0 and s° ﬂK*K—(%J . Maximum reflectivity occurs at Af=0, where

Rupax = tanh2|x|L. The reflection spectrum, to be exact the dependence of the reflectivity on the

propagated wavelength, is characterised by a clear maximum and series of sidelobes. Sideband
changes depending on the FBG length, period, and refractive index change.
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Figure 3.3: Reflectivity of different FBG lengths: a) 2 mm,; b) 3 mm; ¢) 5§ mm.

Figure 3.3 shows the FBG reflectivity of three gratings with different lengths. The refractive index
for germanosilicate fibre is taken as 1.482, the refractive index modulation as An =107, and the

period of the gratings as A = 0.523 um. Figure 3.3 shows maximal reflectivity for the longest FBG

L =5 mm. In this case, if the number of grating planes N =7I;— is larger (or smaller), the reflection

bandwidth of the uniform FBG will be broader (or narrower) respectively, for a given value of the
FBG length L.
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3.1.2 Wave propagation in quasi-periodical medium

Results obtained in the previous subsection have shown that selection of the defined grating length
makes it possible to obtain the FBG with larger reflectivity or narrower bandwidth. Now the
definition of the FBG amplitude with a purpose to avoid high sideband of the FBG spectrum is
considered.

The dielectric permittivity changes along the axis z in endless dielectric medium according to the
equation:

£ —w<z<-Land0<z<wo

lx.y.2)= £, & (z)cos[-%}z], ~L<z<D ’ (28]

where &, is a permittivity constant, A is a period of permittivity modulations, & (z) is an

amplitude of the variable component of the permittivity, where max|51 (z] << E,

Changes of amplitudes 4; (z) and A, (z) within the grating length L are described by the system of

two first order differential equations (3.3). Planes of the uniform FBG are orthogonal to the axis :z
(see Figure 3.2). The coupling cocfficient x for this case appears from the equation:

k=L Ty (2 a7
£o

where k is a wave number, n,, =./&, . At the constant value of & , the system of equations (3.3)

has an analytical solution. The following expression is obtained by the z -axis differentiation of the
amplitude reflection coefficient

ddy _, d4
y i i
dp(z)= ‘e P d (3.8)

dz A2

The amplitude reflection coefficient p(z) changes within the segment —L <z <0 and depends on
the z -axis, equals zero for z >0, and has a constant value at z <—L (see Figure 3.2). Substitution
of the system (3.3) in equation (3.8) may be expressed as

d, _iABE Af-z
9ole)_ st plefr 07 69)

The analytical solution could be found at A = 0 and initial conditions p(0)=0, 4,(0)=0, and
4(0)=1:

plz)=J tanhE x(z)dz:| : (3.10)

This equation at the grating edge z=—L is expressed as

p=L)=j tanh[ﬁfx(z)dz} . G.11)
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From the equation (3.11) it follows that the amplitude reflection coefficient is determined only by

sf -4
functions [x(z)z and |p(z) <1 at AB=0 and z=-L .If | [x(z)dz| is small, then |o(z) <<1 and
0 0

equation (3.9) transfers into

LLONIWARIYEY -
dz
Therefore,
p(AB~L)=—j [x(z)e 7 dz . (3.13)

Hence, the amplitude reflection coefficient p(Af,~L) is related to x(z) by Fourier transform. For

example, a frequency response for the filters on surface acoustic waves is also equal to the Fourier
image of the electrode weight function [Kay90]. Necessary frequency characteristic of such filters is
obtained by electrodes apodization, which corresponds to the present case of the function x(z)

definition. The present task has a solution only if |p(z) << 1.

Solution of the differential equations system
Since amplitudes of incident 4,(z) and reflected 4, (z) modes have real and imaginary parts, they

may be expressed as
A (2)= 4 )+ jaa (2),
(3.14)
Ay (z) = dyy () + s (2) -

After substitution of (3.14) into (3.3) and after the selection of real and imaginary parts of the
system, it appears as follows:

f.f."c.;zl_l = k(Ay SinAB 2+ Ay cOSASZ)

%:4((,42] cosAfz— Ay sinABz)

%=K(A115iﬂﬂﬁz—/fu°°mﬂz) | -
ﬁ:x(;i“ cosAfz+ AjpsinAfiz)

The system (3.15) could be solved by the Runge-Kutta method of the fourth order with initial
conditions: 4,;(0)=1, 4,(0)=0, 45,(0)=0, and 45,(0)=1 [Corn74]. The square of the

amplitude reflection coefficient p(—f_) can be calculated, when 4, 45, A4, and 4y, are
known:

o=L) = A212(—L)+44222(“L)I

A (= L)+ 4 (- 1)

(3.16)
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The following equation
2 2 2 2
M(=L)= 42 (- L)+ A (- L)- 4o * (- L) A (-1) (3.17)
is used for the model verification, where M (—L) has to be stable and in this case, has to be of one.
The step of integration is selected to satisfy the condition lM (— L)fI‘SIO"1 in the process of

solution. System (3.15) is initially solved for the 10 mm long FBG at x =250 m, ny =147, and

A =0.534013605 um. The reflectivity is found to be 0.973408 at the wavelength A = 1570 nm
(AB =0) according to (3.10). The same value is obtained according to equation (3.16). The step of

integration is 0.1 mm.

The reflectivity R is shown in Figure 3.4. From Figure 3.4 it follows that the grating reflectivity
increases and the bandwidth broadens at the increase of the grating constant amplitude. The highest
sideband of the reflection spectra is 22 % for & =100 m™". For the coupling coefficient of value
500 m™ the sideband increases until 50 %.

1.00]

I
L T

-0.25 0 0.25 0.5
A=k, [nm]

Reflectivity [a.u.]

0.50 {

"

Figure 3.4: The reffectfw’ty of the 10 mm long grating for the following values of the coupling
coefficient & ¢ 1-100m™, 2—=200m™, 3-300m™, 4-400 m”, 5- 500 m”.

The solution of the system (3.15) by the Runge-Kutta method of the fourth order for the different

functions x(z) and for the condition that

2 ol I
iq’,,(z):xo,n[(é} —[z+§) } , (3.18)

k3(2) = —==Tsin T (3.19)

o
Ix(z)dz‘ =2.5, where max «(z) =250 m™ is given by
0
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2
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where n =1, 2, 3, 4, 5.
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Figure 3.5: The grating reflectivity calculated for the following functions: 1 - x,!o(z) ;2- K3 (z) ;3-

ws(z): 4- xp5(2).

Reflectivity of different gratings calculated for the different functions «(z) for the conditions that

=
[r(z)z
0

0.9734 with the condition that AZ =0 for all found functions. The grating amplitude apodization

has a significant influence on the shape of the grating spectrum and practically eliminates a sideband.
The bandwidth of the grating reflection spectrum broadens when the sideband is attenuated notably.
Calculated values for the first five functions of coupling coefficients are shown in Table 3.1.

=4 and max ic(z) =400 m™' are shown in Figure 3.5, The grating reflectivity R equals
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Table 3.1: Values of some coupling coefficients i , (see equation (3.18).

The coupling coefficient &g, Obtained value
Ky 0.15-10% m™
0,2 0.75-10" m™
K03 0.35-10" m”’
0.4 0.15-102? m®
Ko 5 0.693-10*° m™"'

It is not possible to realise large values of the coupling coefficient x for all cases in practice.
Therefore, calculations for some functions at different grating lengths are provided as examples.
Grating lengths calculated for some functions of the coupling coefficient «,, , (z) within the margins

of the grating —L £z <0 are given in Table 3.2. The step of integration is chosen for the condition
M- L)-1<107

p i -
P IAYAY; [ Q QQI’\/ VAYS

- 7 T
£ 60 A el
- i \j Y
ol ) « b \i i‘m\,
-100 : =
-0.5 -0.3 -0.1 0.1 0.3 0.5
Ao [nm]

Figure 3.6: The grating reflectivity spectra for the following functions: 1- i g (z) L 2- K3 (z) 3~

ks(z), 4- xy5(2).
Figure 3.6 shows the grating apodization along functions ;g (z) . K3 (z) xs5(z) and K5 (z) for the

2 27"
function type ,(Ln(z):,co,{[g) -(u%} ] with the condition that masxl(z) =250 m™,

Attenuation of the sideband increases with the increase of n . The best results are observed for the
functions icm(z), K15 (z) and & (z) (Table 3.2). Theoretically estimated attenuation of the

sideband appears correspondingly: 60, 67 and 54 dBm. It is typical for those functions that their
values and values of lowest derivatives on the grating edges equal zero. For the fifth function
x| 5(z) , four lowest derivatives on the grating edges equal zero too.
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Table 3.2 Calculated lengths of the FBG for defined coupling coefficient functions.

F a1 Length of the
Kmon (z) Function, m FBG, m
B A% Y2 -
x3(2) 1.460265-10' (E] -[Hﬂ 2.1875-107
[5% Al
| x1.4(2) 0.475746-10'% [5] —[z +3) 2.46093-1072
r e
2 2
"f],s(z) 0.121145-10% (g} —[2+§] 2.70703-1072
r 16
2 2
x16(2) 0.253067-10% [%J ~[z+§} 203262102
10
2 2
L
x110(2) 1.132873-1037{ 3) -(;:+§J } 3.70097-1072
8 L
sin T 2+ -5
x4(2) 250 8.42097-107°
87 [ LJ
L 2
Ks (z) 250{0.42 +0.5 cos{zT”(z + %JJ +0.08 cos[%[z + %}ﬂ 2.381.1072

Figure 3.7 shows also the grating reflectivity for functions xy,(z), x,3(z), «s(z) and &;5(z) for

the condition that

The largest observed attenuation was received for the function KUG(Z)‘. Values of this function and

-L
[x(z)dz]
0

first n-7 derivatives on the grating edges (z =0 and z = -L ) are equal to the zero.

" estimated of approximately 160 dBm.
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Figure 3.7: The grating reflectivity specira for the following functions: 1- ky, (z) §2'= ¥iq (z) 78

Kl,s(z)-

Calculations show that with formation of a well-defined quasi-periodical grating, the amplitude of
the grating sideband could be decreased considerably and desired FBG reflection spectrum could be
obtained. It is possible to realise the whole class of functions fc(z) for the optical fibre but they have

to correspond to condition ic(z)>0 and have to be limited by maximum refractive index
modulations induced by the UV irradiation during the grating inscription. Quasi-periodical gratings

2 27"
described by functions xl,"(z)=x0‘n[(§] —(za—%] ] could be achieved at n <6. For the

practical purposes, this is sufficient.

3.2 Light propagation in FBG exposed to the external influences

Parameters of unperturbed FBG are described in section 3.1. There were assumed that light
propagates through the single mode fibre, which is a uniform isotropic dielectric medium with a
circular cross-section, and that the fundamental mode propagating along the axis z is linearly
polarised. The FBG was not subjected to any influences, neither disturbances, nor measured signals.

Parameters of the FBG exposed to the measured values such as temperature, or exposed to the
perturbation field of the surrounding medium such as bending or transverse stress, will now be

considered.

3.2.1 Temperature influence
Calculation of an FBG response to strain or temperature influences was described in Chapter 2.
Formulations used for the analysis of the FBG exposed to strain or temperature are shown in
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subsection 2.1.2. In this subsection, FBG characteristics under temperature influence are calculated
and the example of a simple sensor design for temperature measurement is considered.

Theoretical background

Temperature induced changes in FBG’s spectrum are calculated on the basis of the coupled modes
theory for a non-uniform medium [Sny79], [Yar89], [Lebi98], [Gaf00]. It is possible to calculate the
FBG reflectivity and dependence of the reflectivity on temperature changes taking into consideration
properties of the FBG, namely changes in the FBG’s period and the fibre refractive index in the
result of the temperature induced expansion or contraction of the material. Figure 3.8 shows
calculated shift of the FBG central wavelength induced by a temperature increase of 80 K.

0.25
Unperturbed
i3 EBG FBG under
b L the temperature
— influence
=
20.15
2
=
S
2
5 0.1
14
0.05
0 _ L5, LN o
1548.16 1549.09 1550.02 1550.96 1551.89 1552.83

Wavelength [nm]
Figure 3.8: Reflectivity of the 2 mm long FBG (1550 nm).
The FBG is sensitive to temperature changes due to the temperature-dependent refractive index
n(T) of the fibre core and the grating period A(T')

()= ngy 1+, (T-15)]

AT)=Aol+a(r-15)] (3.20)

Where n,; is an effective refractive index of the unperturbed grating, «, (or

dn.
o ) and a
d

characterise the fibre material and «, is a thermo-optic coefficient of the germanosilicate fibre

(approximately 8.6x 10°K™"), @ is a thermal expansion coefficient of the silica fibre
(approximately 0.55 x 10° K™).
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Example of a simple temperature sensor design

One of the main fields of current research is in sensor systems that can detect and quantify optical
information from measured medium and translate this to the output signal. Special attention is paid to
primary transducers, which are subjected to requirements such as immunity to electromagnetic
interference or operability in highly contaminated or aggressive media. Fibre optic sensors belong to
the separate class of long-term transducers which are able to assure reliable translation of the
measured signal into an output signal.

A sensor scheme is proposed as example of temperature sensing consisting of a laser 1, an optical
fibre 2, 4, detectors 5, 6, amplifiers 7, 8, and a signal-processing device 9 [Lebi98]. The FBG
operates as a thermo-sensitive element of a localised sensor. The device is shown in Figure 3.9.

//' 1 F 2 ;/73
/ iy
T
—4
r
-5
,;//’/
= T=..
7t 11 ~8
9

Figure 3.9: A proposed temperature sensing mechanism: 1 - laser, 2 - optical fibre, 3 - FBG, 4 -
optical fibre, 5, 6 - detectors, 7,8 - amplifiers, and 9 - signal processing device.

The light is launched into the fibre 2 with the initial power P, and the power P 1= kP, where k

is a splitting ratio of the coupler and k <1, reaches detector 5. The rest of the light with power
Po(l - k) propagates along the fibre 2 until it reaches the FBG 3. After the reflection from the FBG

with the coefficient R(T ), light propagates in the reverse direction with the power R(TXl-k)PO .

The part of the reflected light with the same coefficient & appears in the fibre 4 and reaches detector
6 with the power Pp= k(l ~k)R(T)P (see Figure 3.9). Induced photocurrents

I(T)=S;k(1-k)R(T)P ¢ and
(3.21)
L =5:kPy,

where S, is the proportionality factor or responsitivity of the photodetector, will be registered by a

signal-processing device
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10)_ (). (322)

The results of measurement with such a simple sensor construction do not depend on the light source
efficiency, but will require an FBG with a specific wavelength to make the scheme more cost

effective.

Figure 3.10 shows the calculated output signal dependence on temperature at the wavelength of the
laser source equal 1550 nm. The dependence has a parabolic shape with a clear maximum. It can be
seen that the sensor presents linear operation within the range from 0°C until 30 °C with the
uncertainty of 0.01 °C. Lower boundary of the sensor operation range could be selected by changing
the grating’s period.
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Figure 3.10: Calculated dependence of the output signal on the temperature change R(AT) for the
2 mm long FBG (1550 nm).

Modelling the FBG behaviour requires additional consideration of temperature-dependent properties
of the materials used for gratings (fused silica, acrylate or polyimide coating) at low or high
temperatures. The FBG wavelength changes at low temperatures will have non-linear character for
some coating materials [Hab98], [Tru00a].

3.2.2 Analysis of the birefringence effect

If the FBG is subjected to a perturbation field such as a stress or low temperatures, its refractive
index is altered; a phenomenon termed the photoelastic effect. In the case of transverse stress, a
birefringence will be induced due to the stress distribution and geometrical modifications of the fibre
core.

In the case of the FBG, birefringence induces bifurcation of the FBGs main reflection peak, which
could be crucial in some sensor applications. Different approaches can be applied to define FBG
characterisation parameters in this case: an approximation of fibre parameters with rectangular cross-
section [Kum84], the perturbation model [Sny81b], or the coupled-mode theory for perturbed media
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[Yar84], [Nod86]. According to these models, a birefringence of modes is expressed as a sum of two
parts B =B + By, where By is a geometrical part related to the elliptical shape of the fibre core,

and Bg is a stress part concerned to the residual stress in the optical fibre. Whereas the residual
stress effect is often neglected, Martynkien et al. have found that it can reach 50 % of the total

birefringence value [Mart99] which can be critical in our case. The approximation for rectangular
cross-section is given in more detail in Attachment C. The square of the normalised propagation

constant (P2) is used in this approach to simplify calculations. For an elliptical fibre core this
parameter is given by

2 5% B
0 _ By —ko"ng

k. 74

2 2
k[) Heo — Rl
5 5 g (3.23)
02 _ ﬁy —ko“ng

¥ g2 2 4 o
kO feo — Mol

Two corrections are considered to define normalised propagation constants in elliptical-core fibre
using values for rectangular-core fibre. Geometrical corrections chz and PyG:Z represent the
difference in shape between a rectangle and an ellipse. After that, stress corrections for the

normalised propagation constants szz and P},.S2 are considered. The general normalised

propagation constant is given by:
2
PP =B" +RO? 4B, (3.24)

where index ¢ describes a polarisation axis. Knowing normalised propagation constant of modes, it
is possible to calculate general birefringence of the fibre

B= JPXZ (ncn2 = ”clz )+ nc12 = \/Pyz ("’co2 = ”c!2 )+ ”clz (3.25)

and geometrical birefringence:

02 2 2 2 2 02 GZ( 2 )
BG=J(PJ: +PxG J(nm — Ny )+nci —J[Py +Py Mo _”cfz +nc.’2' (3.26)

General and geometrical parts of the birefringence allow estimation of the stress part of the
birefringence, which is additionally temperature dependent. This approach allows the estimation of
the birefringence and its components for elliptical cross-section fibres using approximation for
rectangular cross-section fibres. For such a simple case as light propagation in a silica glass single
mode fibre, where the geometrical difference between circular and elliptical cross-sections is very
small, this approach introduces larger inexactitude as the perturbation theory applied for a field
calculation in an elliptical-core fibre [Sny81b]. The approximation used for a single mode fibre in the
perturbations theory leads to simplified equations making it possible also to understand the physical
content of the model.

It is assumed that there are small changes in the fibre geometry, when a square of the circular fibre
cross-section equals a square of the elliptical fibre cross-section and satisfies the correlation

p2 =py- Py, Where p, and p, are the fibre radius changes along the x- and y- axes
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2
112

respectively. The eccentricity is given by e = << 1. Figure 3.11 shows four shaded regions

2
Px

which are considered as perturbation zones. Assuming that the deformation is small, the perturbation
zone is tiny. This makes it possible to approximate the scalar wave function in polar coordinates

w(r,6) by w(p,#). Radial width of perturbed region can be defined as & = ¢* %(:05245 by transfer

of elliptical interface into polar coordinates. It is assumed that the radius of the single mode fibre is
4.1 pm and the deviation of the fibre core from the circular reaches maximum & =+ 0.2 um.

+y
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Figure 3.11: Representation of the fibre deformation.

Such assumptions allow the definition of the scalar propagation constant in the elliptical medium:
B=pB+58. The correction &8 consists of two parts for x- and y- polarisation axes
of = f, — 8B, and is given by

oy oy
el AL .
Vi s{,{”‘ Yoy }W :

= — , (3.27)
(v rdr
0

where s, is the elliptical interface, ds = p{l +:11-e2 c05(2¢}}d¢ , V' is a fibre parameter; for a single

mode, weakly guided fibre it is given by V' =1.65, n, and n, arc x- and y- components of the

refractive index given by
ny = (1—e2 sin? ¢)cos¢5 .

(3.28)
ny, = (1 —e? cos? gﬁ)sin @,

Then, the normalised birefringence of the optical fibre with elliptical cross-section is given by
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_dBp
By = 202 (3.29)

A stress influence on the fibre causes refractive index changes in the isotropic medium with a low
intrinsic birefringence which, according to the photoelasticity theory [Gia81], [Gaf97], can be found

o by

ny =’—‘—{(P11 ~ 2y ), +[(1-v)pyy "P!lIo'y "'C’z)}’
(3.30)

¥

(Lﬁ)j {(Pn

=2pp)oy, +[(1-v)pia - prifo +o. )}

where E is the Young’s modulus of the germanosilicate fibre core of approximately 74 kN/mm?,
piy and pyp are Pokel’s coefficients of the strain-optic tensor of approximately p;; =0.113 and

p1a =0.252, and v is the Poisson’s ratio of approximately 0.16. In this low birefringence case, the
birefringence introduced by the strain can be found from
_ [, —any

By = , (3.31)
Regy

Figure 3.12 shows the calculated stress part of the birefringence depending on the applied force.

FBG parameters are defined to use the coupled-mode theory for the perturbed medium. Initial
conditions in the coupled-mode theory taken in section 3.1 are not acceptable in this case. It is
important to take into consideration x- and y- polarisation components of the fundamental mode
propagating along the fibre with elliptical cross-section. Changes in the dielectric tensor as the result
of an applied transverse load will split into two parts

Ag, = Ea(”x —neﬁ)z,
Asy =£a(ny —ncﬁ;}z,

where #, and n, are the refractive indices for the x- and y- polarisation respectively.

(3.32)
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Figure 3.12: Calculated change of birefringence of the fibre in the result of load-induced geometry
changes of the fibre.

The system of differential equations for the incident and reflected waves are given

for x-polarisation for y-polarisation

dA,, . JAByz dAyy JBByz
S - i%

% JKAye , - JKyAzye ;

(3.33)

ddy, .+ — Az ddy, * —jdByz
— 2 = it ¥,

7 JKy Ace . = jky Apye ;

where A4, A, are forward-wave amplitudes and 4., 4,, are backward-wave amplitudes for x-
and y- polarisation axes, Af, = f#— f and Af, =~ f3, are x- and y- polarisation components of
propagation constant change, x and «,are x- and y- polarisation components of the coupling

coefficient

Ky =7f— 7w (5, y ko (5, y)masay
X core

= ﬂi j’jrwyz (x,y)k02 (x, y)mdxdy ,
y core

(3.34)

K

where x=x,+x, and y/(x,y)= a,ux(x, y)-u/y(x,y). The scalar of the wave function in elliptical-

core fibres can be given by

2 2
1
w(x,y)=exp N {—x-J +[LJ , (3.35)

X0 Yo
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where xq and yy can be defined by the variation method (see Attachment A).

Using this model, reflectivity of the FBG for the case of an cl]iptical deformation is found as shown
in Figure 3.13. The grating reflectivity will also have two components for x- and y- polarisation axes:

sz sinh? [sx -L]

2 *
sxz coshz[sx L]+[A—'§£J sinh? [s)r -L]

R, =

(3.36)

)
R Ky sinh sy-L]

Y 2 ’
s, >cosh?[s, - L]+ {fi’siJ sinh2[s, - L]
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Figure 3.13: Reflectivity of 2 mm long FBG (1550 nm) with a circular and an elliptical cross-section
of the fibre.

Elliptical cross-section induces splitting of the main Bragg peak into two.

Figure 3.14 shows reflection spectra of the uniform unperturbed FBG and the FBG under transverse
load influence (plain strain case, where ¢, =0). The grating reflection spectrum of perturbed with

the stress linearly distributed along the grating axis also shows two clear peaks.
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Figure 3.14: Reflectivity of 2 mm long FBG (1550 nm) at an applied transverse load of 15 N.

Calculations were provided for a short grating written in the core of germanosilicate single mode

fibres. In such a medium, calculated stress component of birefringence shows noticeable changes in
the reflected spectrum starting from a load of 15 N.

3.2.3 Effects of light propagating through the bent FBG

In praxis, FBGs are often exposed to microbending effects, especially due to the embedment .
procedure. There are few influences which have to be distinguished at modelling of the bent FBG.

The refractive index changes along the transverse coordinates of the fibre are caused by the stress of

the fibre material and lead to the birefringence effect. The resulting splitting and shift of the FBG

wavelength are caused by the birefringence in the bent area and the grating planes inclination. The

optical path of the transmitted light changes which lead to the transmitted light loss.

The theoretical approach can consider tilted structure (see Figure 3.13) [Oth99], [Pra02] or non-
uniform inclinations of the grating planes [Gon0O1] in the case of a long FBG. It is possible to

evaluate behaviour of the grating signal in such a situation using coupled-mode and perturbation
theories for light propagation in perturbed medium [Oth99].
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Figure 3.15: Schematic representation of the tilted FBG.
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The model describing symmetrical inclinations of the grating planes to the grating axis (see
Figure 3.16) will be used in this chapter. The wavelength shift [Gon01] as well as a reflectivity loss
[Pra02] of a bent FBG depends on the radius of the bent area curvature. In such a case, the FBG
could not be considered as a uniform structure anymore. Bent fibre suffers from compression on the
one side and from expansion on the other side (see Figure 3.16). The light propagating through this
area of the fibre at the same refractive index value finds different lengths between points. It is
possible to convert this difference of the optical paths into inclination of the gratings planes as shown
in Figure 3.16.

Zone of contraction

Figure 3.16: Schematic representation of the bent fibre with FBG.

The modification of the grating period owing to the bending effects is shown in Figure 3.16. The
correction of the FBG period is given by

Af
SA=—, 337
2 (3.37)

where A' =2—2—§' , ¢ is the distance from the axis of the fibre and R, is the bending radius. The
b

induced changes in the refractive index of the perturbed FBG along the fibre axis z are
' 2z , '
5neﬁ(y,z)=An(z) 1+mco —A—-z +@(z') |, (3.38)

where z'=zcosf , An(Z') is the refractive index changes in the fibre core along the axis z', m is
the fringe visibility of the refractive index, and @(z') is a part accounting perturbations in the
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b :2—71- i 4 . The modified modal

A l+g,

gratings geometry, for example induced by strain: ¢J(z
distribution of the propagated and reflected modes in the bend area introduces change into the

coupling coefficient. The coupling coefficient can be defined as follows
(3.39)

K(z,6)= ?—f‘m;ﬁn (z’)jj;yz (r,gﬁ) exp[i j%ytan 9) rorog ,
ca

s
where y ={ . ¢ for the grating planes tilted in the direction of the bend and opposite.
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Figure 3.17: Changes in the 2 mm long FBG reflection spectrum due to the uniform bending with a

radius 2.5 mm.

Considering this, the calculated reflection spectrum of a bent FBG is shown in Figure 3.17. For short
gratings, the radius has to be small (<2.5mm) to induce a large deviation from the uniform
spectrum. The splitting of the grating wavelength occurs due to the birefringence effect within the
stressed area of the fibre. In other terms, inclination of the grating planes and strain, which produce
this inclination, cause the grating wavelength displacement, refractive index changes, which induce
splitting of the FBG main peak, and changes of the optical path of the propagated light in the bent

area result in the reflectivity loss.
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4 Investigations of thermal and mechanical influences

For the past decade, FBG sensor architectures have found wide application in monitoring large-scale
structures or their parts, as well as in research of new materials, and they have proved their capability
to replace existing techniques for measurement of linear strain, non-uniform strain fields, transverse
load, temperature, vibrations, or combinations of these values, such as strain-temperature or
vibrations-temperature influences. Fibre Bragg gratings are characterised by their small dimensions,
absolute measurement ability, good response time and sensitivity, reliable operation in adverse
environments, such as radiation, extreme temperatures, or embedment into composite or other
complicated materials. But problems in this field still remain, even if some solutions have been
found, such as application of FBG sensors recoated with polyimide or ORMOCER® material, when
the FBG strain-response or the FBG temperature sensitivity has to be linear, and improvements of
embedment technique in a case of concrete or composite material-integrated FBG sensors [Hab00],
[Tru01], [HegO1], [Lop02].

This chapter discusses aspects of various influences. Some of them, such as uniaxial strain or
temperature, represent the measured signal. Another influences, such as bending, transverse local or
general stress, are considered as perturbations of the measured signal. These influences have to be
qualified and quantified to evaluate sensor response correctly and reliably.

Following FBGs were investigated in this chapter: 10 single FBGs from AOS GmbH, one single
FBG from IPHT Jena, 18 single FBGs, 9 embedded FBGs, one embedded 3-FBGs array, one
embedded 8-FBGs array, and one not applied 8-FBGs array from Ingenieurbiiro Jens Peupelmann,
and FBG Sensor Rod from Telegdrtner GmbH. These gratings were mostly acrylate-recoated
including two bare gratings (details see in Attachment D).

4.1 Strain sensitivity

FBG behaviour under influence of a uniaxial strain and comparison between the behaviour of a bare
grating, an industrial sensor based on the FBG, an embedded grating, and a grating attached to the
surface of investigated material, is investigated in the following subsection. The purpose of these
investigations is to prove some problems connected with the FBG application on or inside the sensor
housing or material and show possible solutions.

Standard fibre Bragg gratings were used for linear strain investigations in an experimental set-up.
Characteristics of the FBG were recorded using available industrial measurement equipment, such as
a broadband source (BBS, JDS Uniphase) or a tunable laser (TL, ANDO Electric Co. Ltd.) and an
optical spectrum analyser (OSA, ANDO Electric Co. Ltd.) with a resolution of 8 pm, or a swept laser
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interrogator (SLI, Micron Optics Inc.) with a resolution of I pm. All investigations were conducted
under stable climate-room conditions to reduce additional influences such as temperature, moisture,
and vibrations.

4.1.1 Uniaxial strain of the bare grating

Before going on to more complicated cases, where gratings are attached to or embedded in a
material, a simple case of a “bare FBG” was considered. A single mode fibre with inscribed short
FBG into a fibre core, recoated with acrylate coating, will be referred to as a “bare FBG” in this
subsection. Calibrated equipment of BAM Laboratory S.11 “Reliability of Testing and Measurement
Systems™ was used for measurement of mechanical parameters. The measurement set-up could be
divided into monitoring scheme of mechanical and optical characteristics. The mechanical equipment
consists of a special tensile testing machine with two free-moving joints 1, a load cell 3 calibrated up
to 50 N (see Figure 4.1), and an elongation meter 3 (see Figure 4.2). The optical equipment consists
of light sources 1 and an OSA 2, which allows recording of FBG characteristics during experiments
(see Figure 4.2).

Figure 4.1: The tensile test machine: 1 - free-moving joints; 2 - aluminium cylinders; 3 - load cell.
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Figure 4.2: Measurement set-up: 1 - light sources; 2 - OSA; 3 — elongation meter; 4 - controliing
unit of the tensile test machine; 5 — moisture and temperature meter; 6 — tensile test machine.
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Figure 4.3: Dependence of the elongation of the fibre on an applied force during one of the
experiments.

A step-wise operation program was chosen for a tensile machine to increase a fibre tension. The first
“zero” position is achieved when the FBG is prestrained to approximately 0.01 N. The operation
program is created so that it reached the previously defined maximum strain value in 20 steps and
then moved back. The tensile machine stops for 5 minutes when the defined load value is achieved.
This provides the time needed for the measurement of mechanical and optical values. Figure 4.3
shows the fibre elongation dependence on the applied force measured during experiment.

The FBG was fixed in the tensile testing machine so that the fixing points had the minimum
influence on it, which did not affect the transmitted signal. The leading fibre was wrapped around
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aluminium cylinders and fixed at two points on the surface of each cylinder by using two-component
epoxy glue (measurement length between fixing points 316 mm). Cylinders with a diameter of
25 mm were chosen to avoid bending attenuation of the transmitted signal through the optical fibre.
FBGs used for present investigations were inscribed inte a commercially available
telecommunication germania-doped silica fibre. For this fibre type bending losses were observed at
less than (20.0 = 0.1) mm of bending diameter.

2.0
1.8

15 B
1.3 \y/

Relative change AAs/ie [pm/nm]

1.0 =
0.8 7
0.5 ///
0.3 '
0.0 _
0 500 1000 1500 2000 2500
Strain [uE]

Figure 4.4: Dependence of the Bragg wavelength change on the strain measured by tensile test
machine (A) and calculated from the well known FBG strain sensilivity theory (B).

Figure 4.4 (A) shows the dependence of the Bragg wavelength change on the strain of the fibre
measured with the tensile test machine. Existing mathematical model of the axial intra-grating strain
influence is described in Chapter 2. Along this model, calculated sensitivity of the FBG to the axial
strain is 1.2 pm/ue Measured values of the fibre elongation and the force applied to the fibre ends
are larger than the elongation and the force acting in the FBG area (see Figure 4.4 B). This
introduces relative deviation between measured and calculated data of 2.12 % for the strain value
0.25 %.

It is important to notice also that the theoretical model do not consider the coating influence of the
FBG, which in some cases, can have large influence on the measured data, too [Tru01]. In the praxis,
most important parameters of optical fibre and its coating are not available such as exact period of
the grating, effective refraction index, material properties: thermo-optic and photoelastic coefficients,
elasticity modulus, and temperature sensitivity coefficient of the grating. There data are not
commercially available. Therefore, it is very difficult to compare experimental data with
theoretically obtained one.

The experiment was repeated 10 times, and afterwards the FBG was strained with an applied load of
(2290 £ 0.018) N for 25days. Figure4.5a shows the grating wavelength measurement
(1572.498 + 0.002) nm over 25 days. Deviations of the measured data occurred between the 7" and
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o™ days due to temperature variations of 1.1 °C. It corresponds to the data (A) in Figure 4.5a.
Figure 4.5b shows measured force during the same period.
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Figure 4.5: Measurements of the wavelength (a) and the force (b) under stable conditions over 25
days.

Figure 4.6 shows loading diagram of investigated FBG during 6 months. Figure 4.7 shows strain
sensitivity of the FBG before and after 6 months of testing with applied strain of approximately
0.25 %. After 6 months of axial straining, FBG shows smaller strain sensitivity approximately of
32 %
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Figure 4.6: Loading diagram of the FBG during 6 months.
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Figure 4.7: Strain sensitivity of FBG measured on the beginning and after 6 months of
investigations.

Figure 4.8 shows grating transmission spectra under an applied strain of approximately 0.25 %
measured at the beginning and after 6 months of investigations. For these two cases, evaluated FBG
strain sensitivity at the beginning of investigations was (1.202 % 0.002) pm/pe * and after 6 months
of investigation was (1.262 + 0.024) pm/pe °.

" The expanded standard uncertainty with the coverage factor 2 includes repeatability and correctness
of the measurement.



4 Investigations of thermal and mechanical influences

-57.
-+ = i —
dBn| \ ST
i \\ //
7 O R . . \f ....................

................................ i
35'?1 SGnm 1572.58nm @.28mm-D 1573.58nm
3
-ppRers
dBm Vo
_la ..... A "'l/....

.h£

-28,
3 ; i b)
1571.88nm 1572.80nm 2. 28nm-D 1573. 20rm

Figure 4.8: Transmission spectrum of the FBG (1569.816 nm) under applied strain approximately
of 0.3 %: a) on the beginning of investigations’; b) after 6 months of investigations .

Long-term stability of FBGs used in the telecommunication field are already investigated by EMPA
laboratory [Nel00]. There were no changes in the grating sensitivity to applied strain observed.
Present investigations with the FBG fabricated for sensor applications revealed small strain-
sensitivity deviation. It is important to provide further investigations of the FBG strain sensitivity to
prove if this is systematic problem or only defect of this one grating.

" Measured with the BBS.
“ Measured with the TL.
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4.1.2 Uniaxial strain of a FBG fixed in a sensor rod

A Bragg grating (1553.13 nm) has been fixed inside a steel rod in order to make the fibre-grating
sensor usable for construction areas [Peu99]. In the present subsection the strain or contraction
behaviour of such a rod has been tested under axial strain deformation. The schematic drawing of the
housing of the steel sensor rod (SR) is shown in Figure 4.9.

37.98 ' 197.25 _‘
O . £ e

@24.95

Figure 4.10: Measurement set-up: 1 — tensile test machine; 2 — load cell; 3 — steel sensor rod; 4 -
OSA; 5 - broadband light source; 6 — plotter; 7 — elongation meter.

The experimental set-up included: a tensile testing machine calibrated for a load up to 10 kN, an
elongation meter, an OSA, and a BBS (see Figure 4.10). This equipment allowed recording of
mechanical characteristics and the evaluation of the shape changes in the FBG transmission
spectrum. A bending-free fixation of the SR in the grips of the tensile machine was chosen (see
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Figure 4.11). This type of fixation avoids bending of the rigid sensor housing in a case of a stiff
fixing.

Figure 4.11: Sensor rod fixing.
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Figure 4.12: The dependence of elongation of the steel sensor rod on applied force read by
mechanical tensile test machine.

Figure 4.12 shows the dependence of the steel rod elongation on an applied force. The standard
uncertainty of an elongation meter is + 0.2 mm and of the tensile machine is + 2.2 N. The tensile test
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machine is controlled in the same way as in previous subsection: it moves up till the maximum force
of 1 kN in 12 steps and stops at each step for 5 minutes. Uniaxial tensile tests were repeated 7 times.
The measuring basis defined by the distance between the SR caps was 187.25 mm (see Figure 4.11).
The chosen measuring basis is the same as the distance between the fixing points of the fibre inside
the sensor housing. For each measurement step, the mean of measured values was taken into
consideration. The standard uncertainty of the wavelength measurement was = 5 pm.
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Figure 4.13: Strain values recorded by the FBG sensor and the tensile test machine sensor.

Strain values read with the FBG sensor and the tensile testing machine sensor are shown in
Figure 4.13 for a series of investigations. An estimated relative deviation of reading strain with FBG
sensor is 3.82 % and with the tensile machine sensor is 3.52 %.
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Figure 4.14: The Bragg wavelength dependence on strain applied to the SR.
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Figure 4.15: FBG transmission spectra without applied strain and at 0.3 % strain applied to the SR
before and after permanent straining.

The grating wavelength changes by 0.4 nm and the steel SR elongates by (0.067 = 0.012) mm at the

applied force of 1 kN. The strain of &, =%- 100% = 0.036 % corresponds to these conditions.

Measured grating response to the elongation of the SR shows linearity.

Figure 4.14 shows the Bragg wavelength dependence on the strain applied to the SR for two tests
made before and after permanent straining of the sensor. At the beginning of the investigation, the
average FBG sensitivity over the SR strain estimated after five tests was (1.14 £ 0.05) pm/pe. Then
the SR was strained until 0.3 % for three weeks under stable climate conditions. The evaluated FBG
sensitivity afterwards was (1.223 +0.037) pm/u&

The Bragg wavelength shift from normal position is shown in Figure 4.15. The last value of the FBG
strain sensitivity agrees well with the theoretical value. All trials have shown excellent reiteration
along two curves shown in Figure 4.14, so it can be concluded that some permanent changes were
introduced to the sensor housing. The FBG response, however, kept its linearity. On the other hand,
with such a small strain, no disagreement or non-linearity in measured data can be expected.

4.1.3 Embedded gratings

Embedded FBGs can directly sense mechanical influences affecting the structure. This capability is
used to investigate new materials, such as composites. In some cases, it cannot be avoided that the
surrounding material perturbs the FBG signal. Such perturbing influences could be microbending,
transverse or point-wise pressure. The latter influences cannot only introduce distortions into
transmitted or reflected signal of the FBG, but also lead to extensive damage of the fibre or the FBG
inside the material to be evaluated.
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Embedment
Four simple FBG sensors, 3-FBG-sensor and 8-FBG-sensor arrays were embedded into a specifically
structured, composite material to evaluate the signal behaviour of the embedded gratings.

Layers of reinforcing i h Resin flow during
fibre textiles R | & Dl'OGeS!ng

Fibre egresses

Protecting foil

Embedded
fibre with
Sensors

Reinforcing
material

Figure 4.16: Embedment procedure: a) fibre sensors integration into the composite; b) filling up the
composite with epoxy resin; c) scheme of the reinforced material.

The reinforcing material is a special texture formed by the crossings of tiny fibre bundles as shown in
Figure 4.16. Several layers were placed one over the other. Optical fibres with FBG sensors were
placed between reinforcing layers. Afterwards, the structure was covered with a protecting foil and
filled under vacuum with an epoxy. The epoxy was cured at 60 °C for one hour. Fibre egresses were
protected with a polyethylene film sealed with a black resin to avoid ingress of the epoxy.
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Complications were expected when embedding optical fibres ‘into such composite material, due to
crossings of reinforcing fibre bundles (see Figure 4.17). Periodical microbending and small
tangential stress effects as well as a transverse stress affecting the fibre in composite were expected
after curing. These periodical perturbations induced by the reinforcing material have a point-wise
character, taking into consideration dimensions of reinforcing material crossings. Figure 4.17a
shows the microsection of the laminated plate with fibre egresses protected from the epoxy with a
buffer. Longitudinal crosscut shows straight horizontal position of the fibre and transverse bending
of the fibre inside the material (see Figure 4.17b).

- Bending of
_ the sensor

Periodical bending of
material

Figure 4.17: Digital photos of crosscuts of the specimen with embedded fibres: a) cross-section; b)
longitudinal section.
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15375 15380 15385 15390 15395 1540.0 15405
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Figure 4.18: Reflection spectra of the FBG before embedment and after curing.
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Nevertheless, all FBG sensors survived after embedment and showed satisfactory behaviour. Small
changes in the spectrum reflected from the embedded FBGs were observed. Observed residual
changes in the signal reflected by one of the gratings are shown in Figure 4./8. A sideband increase
of 2dB and 7 dB and spectrum broadening are results of the transverse stress influence. The
estimated theoretical transverse strains, which induce central wavelength shift of 0.092 nm, are
& =855 pe and ¢, =-24.6 pe. This leads to a Poisson effect, which results in a strain causing

FBG wavelength shift to the right side of the spectrum.

Creation of specimens

Specimens have to be cut from the composite plate with embedded sensors for further investigations.
In order to form the specimen, two cutting techniques were taken into consideration: mechanical and
water-beam cutting . Microsections of cut specimens are shown in Figures 4.19 and 4.20"".

&

n1S0kU 93 E 7 @1 UIZIBAM
- loa 'R ;

(2 BaT AW i

Pz g e .
laa130kV 157E1 9452-081 UI21BAN lemi1S0kV S3QE] @4Si1-01 VI2
ST AT R TR

Figure 4.19: Microsections of the composite cut made by a mechanical cutting technique: a)
longitudinal sections; b) cross-sections.

" Cutting procedures using equipment of the Laboratory $.322: Workshops for Scientific Instruments
and Samples, BAM.

" SEM photos were taken in Laboratory VI1.21: Micromechanics of Polymers and Composites;
Interfaces, BAM.
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Figure 4.20: Microsections of the composite cut by a water-beam cutting technique: a) longitudinal
sections; b) cross-sections.

After the lamination, crossings of the reinforcing texture layers made composite non-homogeneous,
especially, deflect embedded sensor fibres. A microsection investigated in a scanning electron
microscope (SEM) revealed undulations in the internal structure (see Figure 4.19b leff).
Figures 4.19a and 4.20a show longitudinal cuts of the plate made with the different cutting
techniques. Differences in cut surfaces can clearly be observed. The specimen surface cut with the
water-cutting machine looks smoothly (see Figure 4.20b) and in the result of numerous
investigations, delamination was not observed.
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| ¥
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Figure 4.21: Geometry and dimensions of the specimen in mm.

The manufactured composite plate with embedded sensors was cut for further tests into five
specimens. Specimens have been designed according to recommendations of the European Standard
EN 61“Glasfaserverstirkte Kunststoffe” (“Textile-reinforced plastics; determination of tensile
properties”) for mechanical testing of composite materials. Figure 4.21 shows specimen prepared for
further investigations.

Uniaxial strain

In order to investigate the influence of a uniaxial strain on the manufactured specimen, a tensile test
machine calibrated for loads up to 250 kN, an elongation meter, and a swept laser interrogation unit
(SLI) were chosen (sec Figure 4.22). Specimens were fixed in free-moving grips of the tensile test
machine as shown in Figure 4.22c.

The tensile test machine was controlled to strain the specimen until 0.3 %. After that, it was held for
15 minutes and then the load was decreased to zero. The strain value of 0.3 % corresponds to the
applied load of approximately (56.72+0.01)kN and to the specimen elongation of
(3.245 + 0.004) mm. Mechanical characteristics show linearity and stability over the tested range for
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5 tested specimens. A standard uncertainty for the FBG wavelength measurement of one sensor was
+0.5 pm.

| Tensile test |
machine ;

Additional
elongation meter

Specimen fixed on the
tensile test machine

Joint of
the tensile

MOI SLI machine

Figure 4.22: Measurement set-up.
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Figure 4.23: Measured Bragg wavelength changes of a 3-FBGs array at straining until 0.3 %.

The tensile test machine was synchronized with the swept laser interrogation unit (SLI) to provide a
real-time record of all measured data. The real time measurement allowed data recording every
40 milliseconds. Five specimens were tested to evaluate the FBG response. The real time wavelength
measurement of the 3-FBGs array is shown in Figure 4.23. The Bragg wavelength was changed by
approximately 3.9 nm during straining every sensor in the specimen until 0.3 %.

5.0

Wavelength change [nm]

0 500 1000 1500 2000 2500 3000 3500 4000
Strain [ug]

Figure 4.24: Measured dependence of Bragg wavelength change on applied strain for two
embedded FBGSs.

Figure 4.24 shows the FBG wavelength changes when an axial strain is applied to the specimen
containing two FBG sensors. An excellent linearity of the sensor responses is registered for every
tested specimen under these testing conditions, but the difference between strain sensitivity of these
two sensors of £ 0.0025 pm/pe can be observed. This deviation result from different positions of the
sensors in the material and from additional local influences as well. Comparing data obtained from
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two sensors positioned between the same layers inside the material, the deviation of + 0.0019 pm/pe
is registered.

For a strain of & =0.3 %, an averaged grating wavelength shift equals 1.2 nm/mm. The mean FBG
sensitivity to an applied strain to the specimen of all tested sensors is 1.1736 + 0.0131 pm/ue.

4000

E =

= 3000 I

o

» =

= 2000 3

£

8 &

& 1000 3t |

o |
vl — = : — |

0 1000 2000 3000 4000
Tensile machine reading strain [ue]

Figure 4.25: Comparison of the strains registered by the FBG sensor and by the tensile testing
machine for two sensors.

Figure 4.25 shows the correlation of the specimen strain read out with FBG sensor and with the
tensile test machine sensor. A relative deviation of the machine-read strain is calculated at 7.16 %.
The FBG sensor-read strain is calculated at 7.74 %. The estimated errors are comparable and a
reliable measurement is possible with this type of sensor, The FBG sensor strain sensitivity differs by
4.8 % from the theoretical value (see Chapter 2). Evaluated sensitivity includes the FBG response to
the strain, which is applied to the composite specimen but not directly to the grating.

Uniaxial strain of attached FBG sensors

Four FBGs and one specimen were chosen for investigation in this subsection. The purpose of
following research is to prove if it will be possible to attach sensors to surface for the case when
embedment failed. The acrylate-recoated FBG sensors were glued to the surface of the specimen
with two types of epoxy glue: X60, commonly used glue for resistive strain gauge sensors, and R&G
GmbH two-component epoxy glue. Three gratings were glued with the R&G epoxy on the surface as
follows: one grating in the middle and two gratings % from both sides of the specimen. One FBG
was glued with X60 in the middle of the specimen near those glued with R&G epoxy. This case was
used to show possible creeping effects by attachment of optical fibre. All FBG sensors were covered

with glue homogeneously along their length”.

The specimen fixed at both ends in the tensile testing machine was strained to 0.3 %, which
corresponds to an applied load of (57.90+0.03)kN and a specimen -elongation of
(3.2492 + 0.0007) mm. Considerable non-linearity was observed for the FBG fixed with X60, which

* Gratings were covered of approximately 1 mm with glue.
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depends on the material characteristics of this glue. Strong creeping was observed already during
gluing. Afterwards, when the specimen was strained, additional creeping and slipping effects
occurred, which also influenced the FBG response (see Figure 4.26a).
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Figure 4.26: Straining of the specimen with surface-attached gratings: a) using X60 glue; b) using
R&G epoxy.

The elongation sensitivity of the FBG fixed in the middle of the specimen was
(0.45495 + 0.00002) nm/mm for X60"" and (1.06804 +£0.00005) nm/mm for the R&G epoxy. The
FBG sensitivity to strain applied to the specimen was (1.018 £ 0.003) pm/pe for R&G epoxy. This is
shown in Figure 4.27.

" Measurement was provided in real-time mode; 30000 measured points.

" This value is estimated between measured minimum and maximum points because of high non-
linearity of the sensor response.
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Figure 4.27: Measured dependence of the Bragg wavelength change AAg on the applied strain to
the specimen.

The relative deviation of the data measured with FBGs fixed with R&G epoxy is 22.84 %. These
gratings show lower sensitivity to strain applied to the specimen in contrast to embedded grating.
However, the strain dependence has linear character. In the case if attachment of FBGs will be
required for the measurement of the strain on the composite surface, R&G can be applied for small
ranges of strain.
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4.2 Temperature sensitivity

4.2.1 FBGs response to applied temperature changes

Temperature sensitivity of FBG sensors has been widely investigated by laboratories worldwide
[Hol89], [Ala93], [Dav97], [Bra97] [Sun99], [Mac99], [Wilk99], [Bur00], [TeuQ0], [MorsQ0],
[Mizu01]. This property of Bragg gratings is a subject of numerous applications in telecom and in
sensor field. Temperature response of FBG sensors and networks are evaluated for different gratings
types such as long-period FBG, chirped FBG, and FBG recoated with various coatings [Tru99%a],
[Fer99], [Ker99], [Mac99], [Wu00], [Teu00], [Liu00a], [Tru00b], [San01], [San02], [Li01], [Raoc02]
[Fer00], [Lee00], [Han00], [Fal97].

In the present subsection, an overview is given of results concerning thermal sensitivity of different
FBGs and for different temperature ranges. It is difficult to select data for comparison from the
literature, because the authors show different values as result of their work, or do not explain grating
characteristics, such as thermo-optic coefficient, coefficient of thermal expansion of the fibre core,
grating length, coating material, and measurement uncertainty. In general, it is possible to summarise
that the dependence of the Bragg wavelength on applied temperature is nearly linear. The slope of

this dependence differs for the temperature ranges of 7' >0°Cand 7" <0 °C. Significant deviation
of the Bragg wavelength from linearity have to be expected at liquid nitrogen temperature (-196 °C)
[Rei98]. '

Table 4.1: Temperature sensitivity of free FBGS.

Bragg wavelength ERGECermal seqsitivity Temperature range [°C]
[pm/K]

1550 nm Theoretical 13.7 -
1552 nm [Ala93] 13.7 20...160
1538 nm [Dav96] 10.18 £ 0.03 20...80
1551 nm [Dav97] 10.1+0.1 2570
1500 nm [Fal97] (chirped

FBGIL = 10 nm) 13.0 0...750
1521 nm/bare [Tru01] 9.64 -50...70
1545 nm (polyimide coating) [Tru98] 10.08 £ 0.1 -50...70
1307 nm [Rei98] 8.8 -269...77
1307 nm [Rei98]" 10.3 -269...77
1304 nm [Fer00] 104+0.5 20...130
1530 nm (bare FBG) [Tru99b] 9.62 -60...110
1530 nm (polyimide coating) [Tru99a] 8.98 -50...190
1548 nm [Wad01] 10.3+£0.3 20...140

" FBG from United Technologies.
" FBG from 3M.
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One reason for the non-linearity of the Bragg wavelength at low temperatures is the temperature
dependence of the thermo-optic coefficient. Table 4.1 shows data presented in literature. Reid er al.
evaluated the thermo-optic coefficient for FBGs manufactured by United Technologies at

% =9.1 x 109K" at a temperature of 20°C and of 3,5x 10°K™ for -196°C. For FBGs
manufactured from 3M the thermo-optic coefficient is evaluated at 10.7 x 10° K™ for 20 °C and
6.3 x 10 K for -196 °C. The thermo-optic coefficient decreases nearly by a factor of three in one
case and a factor of two in the other case for a temperature change of 216 °K.

The non-linear response of recoated FBGs for the temperature range from -196 °C to 20 °C could be
explained with additional stress introduced on the FBG during recoating process. Trutzel ef al. have
shown that acrylate-recoated FBG sensors show higher non-linearity at low temperatures than
polyimide-recoated gratings. Investigations with polyimide-recoated FBG sensors show linear Bragg
wavelength response for the temperature range from -40 °C until 70 °C and weak polarisation
dependence after embedment of such sensors. For embedded FBG sensors with acrylate coating.
large polarisation dependence of the Bragg wavelength was found induced by geometry changes of
the embedded fibre. In this case, it is important to take into consideration temperature-dependent
birefringence induced by intrinsic stress within a FBG sensor and residual stress after embedment.

For evaluation of temperature dependence of the FBG wavelength, linear approximation is usually
used. Reid et al. and Trutzel et al. have shown that this approximation is valid only for ambient
temperatures.

Table 4.2: Temperature sensitivily of the embedded FBG sensors.

FBG thermal
FRE T;{:;Iength FBG coating Host material sensitivity T:;T]p?["ltcu]r ¢
[pm/K] £
835 nm [San01] . Nickel 21 500...560
845 nm [San02] - Nickel 19.6 500...560
1530 nm [Tru98] polyimide CFP 11.6 +0.04 -50...100
1300 nm 555
(after temperature - Nickel ﬁzi 20...260
cycles) [Li01]
152598 ORMOCER® Aluminium 34.52 -60...200
[Tru01]
1535,364 am ORMOCER® | quasi-isotropic CFP 11.41 -60...200
[Tru01]
it ORMOCER® | quasi-isotropic CFP 10.66 -60...200
[Tru01}
45.174 : = i ;

1543 a polyimide quasi-isotropic CFP 8.47 -60...200
[Tru01]
1535355

=% m polyimide quasi-isotropic CFP 8.32 -60...200
[Tru01]

4-23



4 Investigations of thermal and mechanical influences

4.2.2 Embedded FBGs

The purpose of investigations in this subsection is the evaluation of embedded FBG sensors during
three temperature cycles in the range from -40°C to 60°C and the comparison of FBG
characteristics before and after temperature cycling. The temperature steps for one cycle are shown
in Table 4.3. The cycle duration was approximately 12 hours.

" Control unit of the
temperature chamber

Figure 4.29: Measurement set-up.
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Figure 4.29 shows a temperature chamber in which the temperature cycles were controlled according
to Figure 4.30. In order to measure the temperature near the surface of chosen samples, a special
temperature sensor rod was applied. Figure 4.30 shows the temperature cycle measured with the
climate chamber sensor and with the temperature sensor rod. The standard uncertainty of the
measured data are = 0.02 °C for the temperature chamber sensor and + 0.01 °C for the sensor rod.

Temperature [°C]

55 +
45 |
35 4
25 -
15 =

5 4
-5 2
15
-25
-35
-45

03:38:00 06:02:00 08:26:00 10:50:00 13:14:00 15:38:00

Figure 4.30: One temperature cycle measured with the climate chamber sensor and with the
temperature sensor rod.

Figure 4.31 shows the temperature response of four FBG sensors. The mean deviation of measured
grating wavelengths was + 16 pm. Response of all three FBG sensors at the same values of
temperatures shows good reiteration. The thermal sensitivity is evaluated at (17.907 £0.005) pm/K.
This value is found for the whole temperature range from -40 °C to 60 °C.

1.0

0.5

y = 1E-04x2 + 0.0145x - 0.4526
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-60 -40 -20 0 20 40 60 80
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Figure 4.31: Response of four FBG sensors to temperature change.
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Figure 4.32 shows the Bragg wavelength change of one of the sensors during the temperature cycles
as shown in Figure 4.30. The Bragg wavelength splitting was observed at -40 °C only for one of the
investigated sensors. The reason for this can be a larger intrinsic stress inside the FBG at low
temperatures, since the FBG is placed between reinforcing textures (see Figure 4.16). Figure 4.17
shows typical undulations in the internal structure of the composite cross-section. The FBG sensor
inside such structured material is additionally subjected to periodical local transverse loads by
crossings of the reinforcing fibre bundles. It is impossible to predefine the FBG sensor position
inside this composite precisely and, therefore impossible to avoid such influences inside this
structure.

1539.9
1539.5
15639.1
1638.7

1538.3
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1537.5

23:00 00:55 02:50 04:45 06:40 08:36 10:31
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Figure 4.32: A real-time measurement of the Bragg wavelength during two temperature cycles.
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Figure 4.33: Bragg wavelength changes of the FBG that shows the peak wavelength splitting at
T=-40 °C.
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Figure 4.33 shows the Bragg wavelength changes of this FBG at temperature changes. As analysed
in the previous subsection, the FBG thermal sensitivity at low temperatures can differ from the
sensitivity near room temperature.

In order to avoid an evaluation mistake, it is important to consider and analyse obtained data in two

parts 7 >0°C and I <0°C. The curve fittings for temperatures I > 0°C show linearity and
their slopes are similar for every sensor. The mean thermal sensitivity for four FBG sensors in the
temperature range from 0 °C till 60 °C is (18.8 £ 0.1) pm/K.

The thermal sensitivities of two of the investigated sensors for temperatures 7 <0 °C are
(17.19 = 0.55) pm/K and (18.06 + 0.77) pm/K. The curve slopes of temperature sensitivity for these
sensors are different and both differ definitely from those for temperatures 7 >0°C. The
uncertainties in both cases are high and can be explained by the temperature sensor uncertainty as
well as by the non-linearity of the temperature dependence at lower temperatures even if it was only
-40 °C. For comparison, the thermal sensitivity of one of sensors for temperatures 7 >0 °C is
(19.46 £ 0.12) pnv/K and for temperatures T <0°Cis (17.52 £ 0.02) pm/K.

It should be noted that the thermal sensitivity of FBGs obviously depends on the position of the
sensor in the laminated material. If there is no possibility to achieve an appropriate position of the
sensor inside the composite material, only average sensor sensitivity to temperature changes can be
taken into consideration.
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Figure 4.34: The Bragg wavelength dependence on the temperature for a number of cycles.
Table 4.3 shows the calculated thermal sensitivity coetticient for one of the investigated gratings for

different temperature steps. The small difference can be observed also in the thermal sensitivity

coefficient K7 calculated from measured data.
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Table 4.3: Kr of the FBG (1530.73 nm) for several temperature steps.

No. K7 [10° /K] Temperature range [°C]
Iz 11.606 + 0.3606 2320

2. 12.751 + 0.4876 -20...60

3. 11.867 + 0.3445 60...-20

4. 13.402 + 0.6618 23...5

5. 12.479 + 0.2535 5.0

6. 1231+ 0.472 0..-5

3 11.781 £ 0.1276 -5...-40

8. 12.792 + 0.3527 -40...60

9. 12.129+0.1354 23...-20

The temperature investigations revealed apparently very little hysteresis, which is less than the
uncertainty of the temperature controlling of the climate chamber (#igure 4.34). The small decrease
in the characteristics should be traced back to the drift of the climate chamber.
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4.3 Bending of FBGs

The purpose of the following investigation is to evaluate the bending influence on simple free
FBGs, attached FBGs, and embedded FBGs. A short FBG responds to small bending radii, which
can cause significant signal attenuation. However, it is difficult to investigate this in practice. In
real applications, this situation arises, for example, when gratings are embedded into composite
materials.

4.3.1 Uniform bending of free gratings

Some authors provided investigations of bending influence, but usually with long-period gratings
(LPFBG) [Ber00], [Gon01], [Pra02]. Such gratings respond to larger bend radii, which make
investigations easier. Gonzalez et al. noticed that considerable changes in a LPFBG spectrum
occur at a bending radius < 30 mm. For a usual short FBG, this value is expected to be smaller. It
is also important to note that a Telecom single mode fibre shows significant bending attenuation
of 0.5 dB for a bend radius of approximately 17 mm [Corni02].

Bending-induced spectral changes of uniform standard FBGs (1533.8 nm and 1547.9 nm), which
are wrapped around mandrels with defined diameters, were investigated. In order to record the
spectral characteristic changes of the FBGs, a broadband source, a polariser, a polarisation
controller, and an optical spectrum analyser were used. There were expected to register a light loss
in the bent area of the fibre, a FBG spectrum broadening and a Bragg wavelength splitting.

Intensity [dB]

-19 ‘
1633.2 1533.7 1534.2 1534.7
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Figure 4.35: FBG transmission spectra at bending influence: without influence A; the bending
radius is 6 mm B (AZ pending = 49 pm); the bending radius is 2.5 mm C (A4 poyging = 64 pm).

Noticeable changes in the FBG spectrum occurred at radiuses below 6 mm and significant
changes in the transmitted FBG signal were observed starting from the bending radius of 2.5 mm.
A small shift of the central Bragg wavelength Ad,,, = (49 + 8) pm was recorded for a bending

radius of (6+0.1)mm. For a bending radius of (2.5+0.1) mm, this shift was
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Ahgyg = (64 £ 8) pm. These correspond to signal attenuation of 3 dB and 14.59 dB respectively

(see Figure 4.33). A broadening of the transmitted signal was also noticed. For a bending radius of
6 mm, the spectral width differs from the uniform case of 15 pm and for a radius of 2.5 mm, the
difference is 115 pm. Polarisation measurements shown that a distance between two polarisation
peaks at bending radius of 6 mm is Adyy; =46 pmand at 2.5 mmis Adyy =355 pm.

It was complicated to carry out reliable measurement for very small bending radii without damage
of the FBG. For this reason, the data in this subsection are provided as a source for comparison
with other investigations. Summarising the results, beside the signal attenuation in the system it
has to be taken into consideration that there is also attenuation induced by the FBG. The grating
usually responds to the critical bending radii with a birefringence effect and a signal broadening.
Bending-induced geometry changes of the fibre and grating explain these effects. The strain £ in

the bent fibre with radius R, is given by

L
l-cosf —
- _M .1

—_ .

R, h h
where L is the fibre length, A is the distance of the bend area from the neutral axis [GonO1],
[Pra02]. Along this formulation, for a bending radius of 2.5 mm, estimated bending-induced strain
on the strain side of the optical fibre is 1640 pe. The change in the refractive index along the
transverse coordinates of the bent fibre in the result of the stress induced by bending, causes
modification of modal distribution of the modes in the bend. This birefringence introduces also a
shift of the grating wavelength.

4.3.2 Bending behaviour of gratings attached to a bent cantilever beam

A FBG sensor attached to a structure surface can be subjected to flexure influences. In such a
case, an FBG experiences, besides flexure stress, stress induced by the material which glues or
fixes it on a surface, which produce a wavelength shift and a chirp of the main peak.

The following investigation have been carried out on a flexible composite plate 980 mm long with
rectangular cross-section 50 mm x 10 mm. It was fixed at one side, while the other side was bent
to a defined deflection Ad (see Figure 4.36). According to the bend characteristics for a slab
chucked on one end, the strain on the surface of the sample at a certain position z follows from

£(2)=>——2, 4.2)

where z is a variable value along the longitudinal axis of the beam and L is the length of the
specimen.

Three commercially fabricated gratings (1529.6 nm, 1539.55nm, 1549.7 nm) for sensor
application were used. They were spliced together into an array and afterwards attached to the
surface of the plate along its axis. Each FBG is attached using two-component cpoxy glue along
its full length. The response from the FBG sensors was measured with a broadband source and an
optical spectrum analyser.
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l FBG 1 FBG 2 FBG 3
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Figure 4.36: Schematic representation of the experiment with the cantilever composite beam.

Applying the load F , one side of the material is in the tension zone, the other in the contraction
zone. If the grating is attached in the tension zone, it will be strained. This case differs from the
bending of the bare grating, because here the attached sensor will be influenced by fixing on the
surface of material and will sense increasing strain distribution along the length of the grating,
which produces chirp of the FBG main peak.

After deflection

Before ﬂexure .....................

1527. 15nm 1529.65nm 0.%8nm-D 1832, 16nm

Figure 4.37a: Refiection spectra of attached FBG sensor No. 1 before flexure of cantilever beam
and after deflection of 65 mm.
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Figure 4.37b: Reflection spectra of attached FBG sensor No. 2 before flexure of cantilever beam
and after deflection of 65 mm.
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Figure 4.37c: Reflection spectra of attached FBG sensor No. 3 before flexure of cantilever beam
and after deflection of 65 mm.

Figure 4.37 (a) to (c) shows changes in the reflection spectra of three FBG sensors before and
after flexure of the cantilever beam with a deflection of 65 mm, which corresponds to a bending
radius of R, = mm. At this deflection, FBGs show wavelength shift which correspond to the

grating elongation by (0.5£0.03)pum (Sensor 1), (1.5£0.03)pm (Sensor 2), and
(1.39+0.02) um (Sensor 3). This corresponds to the intra-grating strain of 247+ 15 pe,
758 £ 17 pe, and 695 = 11 pe for the three sensors. In this particular case of the plate flexure with
small deflection there was no chirp effects observed.
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Values of the strain influencing the FBG directly at flexure of the beam are comparable with the
mechanical data calculated where the FBG sensors are positioned on the beam surface (see
Figure 4.38). Estimated relative deviation between theoretical and experimental data was 15 %.
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Figure 4.38: Schematic representation of the experiment with the cantilever composite beam.

In this case, FBGs operated as localised sensors. The chosen sensors allow reliable evaluation of
the strain distribution on the surface of the cantilever beam with the exception of the Sensor 2
positioned in the middle of the beam. This sensor is exposed to a larger strain as predicted from
calculation. This is explained with an error of an attachment technique, where two-component
epoxy glue is used. FBG is covered with a 1 mm thick epoxy layer. [n this particular case, epoxy
shown a small crack and was partially detached from the surface which caused a larger stress to
the grating due to the not proper adhesion with the beam surface.

4.3.3 Bending behaviour of gratings embedded in a bent cantilever beam

An example of embedded FBGs, placed between reinforcing layers in the composite material is
described in detail in subsection 4.1.3 (see Figure 4.16). The SEM microphotograph of the
composite cross-section has shown that the possible bending radius of the embedded grating is
approximately 1.8 mm (see Figure 4.39). As shown in subsection 4.3.1, this value is critical and
can cause signal failure.

Three FBG sensors (1546.351 nm, 1552.52 nm, 1556.744 nm) spliced to each other and embedded
into the composite material (described in subsection 4.1.3) will be considered here. The FBG
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response to a flexure of the composite beam was investigated. Depending on the position of FBGs
according to the zero axis of the beam, they will experience contraction or tension. Depending on
the distance to the fixed edge of the beam, they will sense different strain values. Schematic
representation of the bent area is given in Figure 4.40.
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Figure 4.39: Images of the composite cross-section.
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Contraction zone
Figure 4.40: Bending of the material area, where FBG sensors are embedded.
Flexure investigations were carried out with the cantilevered composite beam as shown in
Figure 4.36. Figure 4.4] shows examples of transmission spectra of three FBG sensors for a

cantilever beam with a deflection of 40 mm. FBG sensors respond in one case for strain and in the
other for contraction. Maximal applied deflection to the beam was 50 mm.
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Figure 4.41a: Transmission spectra of embedded FBG sensor No. 1 before flexure of the

composite beam and after deflection of 40 mm.
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Figure 4.41b: Transmission spectra of embedded FEG sensor No. 2 before flexure of the

1552.52nmm .

composite beam and after deflection of 40 mm.
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Figure 4.41¢: Transmission spectra of embedded FBG sensor No. 3 before flexure of the

composite beam and after deflection of 40 mm.
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Figure 4.42: Strain distribution inside the composite material close to the zero-axis for a

deflection of 40 mm.

Figure 4.42 shows the strain distribution inside the plate approximately 2 mm from the zero-axis.
Calculated strain distribution is shown in comparison with the strain measured with embedded
FBG sensors. At the deflection of 40 mm, the maximum strain is about 200 pe. A relative

deviation of measured and calculated data of 1.8 % was estimated.
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Figure 4.43: Strain-contraction response of three embedded FBG sensors.
Table 4.4: Strain values (ug) for 3-FBG array sensor at cantilever bending of the
composife beam.
Strain pe
Sensor 1 Sensor 2 Sensor 3
Trial 1 68.193 105.571 164.054]
Trial 2 -74.766) -117.846 -173.032
MTrial 3 -179.932 -120.301 -66.111
Trial 4 170.073 118.665 62.030

The measured response of three FBGs in the tension zone (Trial 1) and contraction zone (Trial 2)
are shown in Figure 4.43. This investigation was provided to ensure that an embedded FBG
sensor work reliably. The same procedure was repeated with the same cantilever beam fixed from
the other side (Trial 3 and Trial 4). The sensor responses show relative good reiteration. Data of
bending-induced strain for these trials are in Table 4.4.

4.3.4 Bending behaviour of gratings centrally embedded in a three-point bent

beam
FBG sensors embedded into a composite plate with dimensions of 840 x 370 mm were

investigated at three-point flexure (see Figure 4.44). Three FBG scnsors were placed
approximately 2 mm from the surface of the plate and positioned side by side.

Composite beam | F

Embedded FBG

Figure 4.44: Schematic representation of experiment.
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The reflection spectrum of one of the embedded sensors before and after embedment is shown in
Figure 4.45. Small changes in the central wavelength of the sensor and small increase of the
sideband were observed after embedment.

before embedment / after embedment

Intensity [dB]

1531.2 15317 1532.2 15327 1533.2 1533.7 15342
Wavelength [nm]

Figure 4.45: Reflection spectra of the FBG (provided by J. Peupelmann) before and after
‘embedment into a CRP composite.

Figure 4.46 shows the FBG response under three-point flexure of the composite plate (central
loading). The maximum flexure-induced strain in the middle of the plate surface is -51.95 pe. For
maximum deflection of the plate, the FBG wavelength shift is -0.22 nm.

Intensity [dB]

1631.2 1631.7 15322 16327 15832 1533.7 15342
Wavelength [nm]

Figure 4.46: Reflection spectra of an FBG sensor (provided by J. Peupelmann) embedded into a
composite plate under three-point flexure.
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Figure 4.47: FBG sensors strain during bending of the plate.

No significant changes were observed in the bandwidth or intensity level of the reflected signal. A
transverse load occurring at the flexure of the plate induced a sideband increase. The estimated

transverse strains affecting the grating additionally at maximum flexure, were £, =211.7 ue and

&, =61.04 pe. Figure 4.47 shows the dependence of the sensor wavelengths on applied bending-

induced strain. Sensor responses showed good linearity and reiteration.
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4.4 Transverse stress influence

A load transverse to the grating axis is expected to cause some problems in signal demodulation,
especially when FBG sensors are integrated into a sensor housing or are embedded. This problem is
the subject of numerous investigations [Hoc79], [Sny81b], [Kum84], [Ber88], [Tsa92], [Nod&6],
[Marc91], [Ebe92], [Kim92], [Stee95], [Law95], [Wag96], [Mas97], [Gaf00], [Gue02]. Such
investigations are mainly focused on the influence of uniform transverse load onto the long FBG.
Typical changes in a FBG spectrum induced by transverse load are signal attenuation, wavelength
shift, broadening of the spectrum, increase of sideband, and birefringence. Such changes to the signal
can be explained by increased intra-grating stress, geometry changes, and appearance of mini-cracks,
especially when it is embedded inside a non-homogeneous matrix. Nevertheless, such undesirable
mechanical influences as transverse stress also affect transmitted or reflected signal of a usual short
sensor grating. In the following subsections, transverse load influence on the grating behaviour is
presented.

4.4.1 Transverse stress applied to free FBGs

Two standard FBGs designed for sensor applications were used for the investigation (1533.8 nm
from Ingenieurbiiro Jens Peupelmann and 1547.8 nm from AOS GmbH). Gratings were positioned
on the surface of polished supporting-plate and covered with the 8 cm long plate (see Figure 4. 48).
Various calibrated weights of approximately 3 kg each were placed above one after another. In order
to evaluate grating characteristics, a broadband source, a polarizer, an optical spectrum analyser and
a polarisation controller were chosen (see Figure 4.49). It is possible to record an applied transverse
force and the related polarisation states of transmission spectrum of the FBG sensor by using such an
experimental set-up. Investigations were provided under climate room conditions to avoid other
influences on the FBG signal.

COCOC VOO C 0 000 00:0°0°0-0-0-0 0
O 0.0 0.0.0.9.0.0.90.0.0.0.0.9.9.9.9.9.9,
BRRLLLRLRRARHRARRRRRRRRRKK

Core

Cladding

Figure 4.48: Schematic representation of experiment procedure.
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Figure 4.49: Schematic répresentatr'on of measurement scheme to measure separation of two
peaks at transverse loading.

Figure 4.50 shows spectra of an unstressed FBG and a FBG stressed with a transverse load.
Figure 4.50 shows two peaks ( Adyy =0.043 nm) measured at transverse loading of the FBG with

transverse load of (12.9 £0.004) N.
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Figure 4.50: Transmission spectra of FBG investigated under transverse loading.

Several effects can be observed in the FBG spectrum shape after loading: a general central
wavelength shift Ad,,, =0.325 nm, a distance between two polarisation peaks Adyy =0.043 nm,

and attenuation by 0.36 dB of the grating reflection. If linear distribution of the load along the grating
length is considered, transverse strains in the grating area can be estimated along the elasticity theory

[Frod8] to be &, =173.7 ue and &, =50.07 pe.

Significant changes in FBG transmission spectrum were observed starting from the load values of

13 N for some gratings.
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4.4.2 Point-wise transverse load onto FBG

Point-wise effects could also induce considerable influence or even damage the FGB sensor. During
or after embedment of FBG sensors into some special-structured composites local point-wise
indentation could cause tremendous changes in the sensor signal shape, which make the signal
analysis impossible or complicated. The effect of small transverse load influence in the area of the
long-period grating was already investigated by some authors [Mas97], [Tru01], [Nog02], [Tor02],
[Gue02]. This sub-section focuses on this effect, taking into consideration the influence of point-wise
transverse indentation applied to uniform short-period FBGs. The loading area is smaller than the
FBG length.

Indentor Sample-tables

coupled light from FBG @
broad band
source optical fibre
<:> b

sample-table :(r)agssmAltled light
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Figure 4.51: Schematic representation of indentation experiment: a) indentation procedure; b)
design of the sample-table, c) design of the indenter.

A special micro-mechanical indentation-testing machine was chosen to investigate point-wise
indentation influence on the FBG [Kali97]. Figure 4.51 shows the investigation procedure. The
optical fibre with FBG was fixed on the surface of the sample-table to avoid bending of the fibre
during pressing with the indenter. Chosen requirement for fixing mechanism is ensuring the close
contact of the fibre with the surface of the sample-table. The fibre was prestrained and glued with
epoxy at two points outside the FBG area. Several fixing methods were chosen for different
situations which could be met at fixing or embedment of the fibre, e.g. firmly or slightly fixed, or
pre-strained fibre, Afterwards, the table was positioned under an indenter and the grating was pressed
with an indenter in a step-wise mode (see Figure 4.32).
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Figure 4.52: Example of the step-wise mode of the indentation till 3 N.

Standard short Bragg gratings manufactured for sensor application were used for investigations. Only
approximately of 3 % of the grating length was subjected to the indentation. Investigations were
provided with recoated and bare gratings to evaluate stress applied by the coating on the fibre. The
acrylate-recoated FBG was fixed on the small sample-table (see Figure 4.51b) first with two flexible
fixing points and then with two-component epoxy glue along its whole length. Figure 4.53a shows a
digital photo of the recoated edge of the FBG made under the microscope. A damaged area remained
after recoating, which makes this place weaker towards the stress than the rest of the fibre. Trutzel et
al. have shown that embedded, acrylate-recoated FBG sensors show poor linearity during
temperature-strain investigations.

Bare fibre with FBG

Recoated area Original coating

Figure 4.53. Photos of the optical fibre with FBG: a) interface of original fibre coating to the
recoated area; b) bare grating.

Transverse stress in the middle of the slightly fixed recoated FBG

When FBG is slightly fixed on the sample-table with two flexible fixing points, there is
microbending additionally to the point-wise indentation. Also, on pressing, the fibre slips under the
indenter, which introduces errors in recorded data. To avoid this, the fibre was prestrained and then
fixed. Figure 4.54 shows reflected FBG spectra recorded before and after indentation. The FBG
reflected signal attenuation of 33.82 dB and small wavelength shift of 0.2 nm were observed.
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Figure 4.54: Reflection spectra of FBG sensors exposed to the point-wise local load: a) 4 N; b) 10 V.
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Figure 4.55: Dependence of applied transverse load on displacement of indenter.
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Figure 4.56: Photos of the crashed recoated FBG after point-wise loading: a) right edge of the fibre;
b) left edge of the fibre; ¢) scratch on the fibre coating of prestrained fibre.

A small crack develops in the middle of the recoated area of FBG sensor after 9 N of applied
transverse load. SEM-photographs of damaged area are shown in Figure 4.56. Direction of the
transverse load application is marked with arrows. A longitudinal crack in fibre coating occurs on the
bottom, where the fibre is in contact with the sample-table, along the fibre length. Some residual
changes in the fibre geometry were noticed (see Figure 4.56a).

Transverse stress in the point nearby the centre of the slightly fixed prestrained
recoated FBG

To avoid fibre slipping and bending under an indenter, the FBG was prestrained and then fixed at
both ends. When the FBG is pressed with a load of 3 N at a point near the centre of the grating, the
central wavelength shifts by 8 pm and the general attenuation of the signal occurs of 0.35 dB.
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Figure 4.57: Transmission of the FBG sensor at transverse point-wise indentation near the FBG
centre till 3 N.

No appreciable changes were observed in the shape of the FBG transmission spectrum at pressing of
the prestrained FBG near its centre until 3 N.

Transverse stress of the firmly fixed bare FBG

A bare FBG was chosen for further investigations to provide a straighter position of the fibre on the
sample-table and avoid microbending and slipping under the indenter. Also an improved design of
the sample-table for better positioning of the fibre was chosen (see Figure 4.51b above). The grating
was prestrained and fixed at two points with the two-component epoxy. After gluing of the bare FBG
the central wavelength changes by 0.04 nm.

Figure 4.58 shows the transmission spectrum of the bare FBG at indentation in the middle of the
grating and reflection spectrum at indentation near the centre of the FBG. An attenuation of 2.34 dB
was observed at a transverse load of 9.3 N (see Figure 4.58a). Loading of the FBG near the centre
with a transverse load of 7.9 N led to a sideband increase and bandwidth broadening. Investigations
were repeated for a few standard FBG sensors fabricated for sensor applications. No significant
changes in the fibre spectrum occurred.

The danger of crack development is high for investigation of the bare FBG. At point-wise transverse
loading of a fibre, there are small local changes in fibre geometry, which usually lead to the change
of polarisation of propagated light and result in signal attenuation and birefringence. No critical
polarisation changes were observed for an applied load of 9 N.
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Figure 4.58: Spectra of the bare FBG: a) transmission spectrum at indentation in the middle of the
FBG; b) reflection spectrum at indentation in the 1/2 nearby the middle of the FBG.

If FBG sensor is embedded into the structure it can experience larger stress influences than with a
transverse load of 9 N. Contrary to the axial elongation of the fibre, small local transverse loads
introduce very small perturbations compensated by other influences.
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5 Summarised results

Theoretical and experimental investigations were conducted to investigate and study unwanted
influences that occur during the application of Bragg gratings. The present study established when
and under which conditions signal reading problems start to become critical for the defined
applications. Investigations were carried out with uniform short fibre gratings both as free gratings
and integrated into a sensor housing or into a material or a structure.

5.1 Overview of obtained theoretical results

In practice, combinations of influences affect the FBG signal. Sometimes, the experimental
investigation of only one perturbing influence is complicated. For this reason, it is important to
provide first the theoretical study of separate effects. There are many theoretical estimates for
specific cases in literature [Hil97], [Erd97], [Bob97a], [Mag97], [Bob98a], [Lebi98], [Oth99],
[Kas99], [Gaf00], [Bob00], [Gon01], [Lop02]. This thesis brings together all these theoretical
evaluations of the FBG signal, considering only uniform short FBG written in the single mode fibre

core.

It is possible to evaluate theoretically the reflection or transmission spectra of uniform and
unperturbed FBGs. The FBG length, period, and coupling coefficient between propagating modes
define reflectivity, slope, and bandwidth of the resulting grating spectrum. Low sideband of the FBG
spectrum can also be achieved by definition of appropriate grating parameters: it can be essentially
decreased by the selection of the defined FBG profile.

The temperature sensitivity of a uniform FBG not exposed to any other influences has been
investigated by several authors and is given as 14 pm/K. The proposed scheme of the temperature
sensor with the FBG presents linear response only for a temperature range of approximately 30 K
(see Figures 3.9 and 3.10).

Theoretical evaluation of a transverse load influence on the FBG has to consider a polarisation
change of the propagated light. A fibre geometry variation under transverse loading can be modelled
by the perturbation theory, combined with the coupled modes theory for the calculation of the FBG
transmission/reflection spectrum. Material parameters under such as refractive index modulation in
the result of the transverse stress have to be considered in accordance with the photoelasticity theory
for isotropic medium [Cok57]. The theoretical apparatus allows analysis of fibre deformation,
transverse strains distribution in the fibre cross-section and FBG spectrum changes as the result of
applied load. Along developed theoretical model, the FBG spectrum shows noticeable changes in the
reflected light at an applied transverse load value of 15 N.



5 Concluding remarks

The modelling of a grating bending reveals a complexity of distortions introduced to the FBG
spectrum by inclinations of the grating planes, stress in the fibre in the result of bending, and
deformation of the modal distributions of the propagating and reflected modes. Uniform bending of
the grating was chosen for the modelling, where the grating axis corresponds to the bending axis and
grating planes deforms symmetrically. Noticeable changes in the grating spectrum are introduced
starting at a bending radius of 2.5 mm.

Hence, theoretical results are difficult to compare with experimentally achieves ones, it will be
proposed to improve model more near to the praxis.

5.2 Overview of experimental results

In the present work, acrylate-recoated gratings were chosen for investigation of their behaviour in the
temperature range from —40 °C until 60 °C, for the static loading until 0.3 %, and for embedment
into composite material. Theoretical data summarised in the previous subsection are used for
evaluation of data from the experimental part of investigations.

5.2.1 Free FBGs
Investigations with free gratings were provided for study of separate perturbing influences during the
FBG operation.

Corresponding to the calculated data, the strain sensitivity of a fibre Bragg grating (1550 nm) written
in a commonly used telecom silica glass fibre is 1.2 pm/pe. In the theoretical model of strain
influence on the FBG it is assumed that light propagates in an ideal cylindrical medium, uniformly
along the whole fibre length even if strain influence occurs. This approach can be accepted for bare
gratings. Investigated by Rao bare grating had a strain sensitivity of 1.2 pm/pe [Rao02]. In other
cases, the fibre can be pre-stressed additionally by various recoating materials [Hab00], [Tru01].
Therefore, an acrylate-recoated grating (produced by IPHT Jena) was investigated for axial strain
until 0.3 %. The evaluated deviation between measured and calculated FBG strain sensitivity was
2.12 %. Afterwards, the FBG was loaded during 6 months (see Figure 4.6). The deviation between
FBG strain sensitivity measured on the beginning and after 6 months of loading was 3.2 %.
Subsequently, critical failure of the grating occurred shortly after four tensile tests (until 0.3 %). The
grating strain sensitivity changes could be caused by minicracks appearing on the recoating material
surface. Time to failure usually depends on the stress history of the fibre. It is recommended that
long-term investigations are repeated for acrylate-recoated gratings also from other producers to
check stability of the grating sensitivity, because the changes in the strain sensitivity of a free grating
after a long-term loading are not known in literature.

Bending investigations of gratings (produced by Ingenicurbiiro Jens Peupelmann and AOS GmbH)
have shown that there are noticeable changes in the grating spectrum, when the bending radius is
2.5 mm or less. Such small radiuses may occur locally at the sensor embedment into composite
material (see Figure 4.39).
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The applied transverse stress influence on the grating results in the birefringence effect. Critical
changes in the transmission spectrum occur at the load value of 13 N. Usually, such critical changes
appear at larger load values (approximately of 20 N).
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Figure 5.1: Dependence of the applied force of the indenter on the displacement of the indenter.
Points on the diagram marked with: A - crack of the fibre coating; B - crack of the fibre.

A point-wise transverse loading of recoated gratings confirmed that the most important reason of the
grating failure at point-wise influences is the coating material. An acrylate-recoated grating pressed
by an indenter (57 pm) until 7 N was broken. A crack appeared first in the bottom of the coating (see
Figure 5.1 and Figure 5.2), and following this damage occurred to the fibre core. This has to be
considered at embedment of the grating. Danger of the critical grating failure is higher in the case of
sensor embedment int6 non-homogeneous composite materials.
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Figure 5.2: Crack development in the acrylate-recoated grating exposed to the point-wise
transverse indentation. Points on the SEM photo: A - crack of the fibre coating; B - crack of the fibre.
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Figure 5.3: Transmission signal changes of the bare grating exposed to the point-wise indentation
until 6 N.

Bare gratings exposed to point-wise load showed noticeable changes in the transmitted or reflected
spectrum starting of approximately 6 N of applied load (see Figure 3.3). The sideband increase by
3.3 dB, the spectrum broadening by 18 pm and even small wavelength shift by 32 pm were noticed at
a load of approximately 9 N (see Figure 4.58). Small scratches on the surface of the uncoated fibre
appeared after the point-wise loading. Nevertheless, there was no fibre damage even if the tests were
repeated three times.

5.2.2 FBG sensor rod

When gratings are integrated into a sensor housing, the strain sensitivity of a sensor rod was tested
until 0.5 % of strain. Linearity in the measured signal and long-term stability of the signal were two
questions of interest for this investigation. When the sensor is embedded into the concrete material
on a bridge and cracks develop where the sensor rod is installed, a strain above 0.3 % can affect the

steel rod.

The strain applied to sensor caps is read by the grating fixed with epoxy inside the sensor rod. The
sensor response to the applied axial strain (until strain value of 0.3 %) was linear. The evaluated
strain sensitivity of the sensor rod at the beginning of investigations was (1.14 £ 0.05) pm/ue. This
value differs from the FBG sensitivity by 5 %.

The sensor rod exposed for three weeks to the axial strain of 0.3 % proved stable. Tests after
permanent straining showed a systematic difference from the former result. The measured strain
sensitivity of the sensor afterwards was (1.22 £0.04) pm/pe. This is closer to the theoretical value for
the bare FBG. Difference between the sensor sensitivities before and after permanent strain is 6.6 %.
Afterwards, the FBG response, however, kept its linearity. Further axial straining of the sensor rod
showed that non-linearity occurred at the strain value of 0.5 %. All trials have shown excellent
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reiteration along two curves shown in Figure 4./4, so it can be concluded that some permanent
changes were introduced to the sensor housing.

5.2.3 Attached FBGs

Attached grating were investigated only for comparison with the embedded ones. The FBG
(1549.2 nm) fixed with X60 glue experienced at a strain of 0.3 % non-uniform stress obviously
caused by fibre creeping and non-uniform local stress in the cured X60 epoxy glue. The grating
(1549.8 nm) attached with R&G glue showed almost linear response to the applied load. The
evaluated FBG strain sensitivity is (1.018 = 0.003) pm/ue . The elongation sensitivity of this grating
is comparable with those of embedded gratings, which makes it relevant for some applications,
where small strain ranges have to be measured and an embedment of gratings will not be possible.

5.2.4 Embedded FBGs

New composite material was characterised by using structure-integrated fibre Bragg grating sensors.
Every investigated grating survived the embedment procedure. The fibre-reinforced composite
material with embedded FBG sensors was tested under thermal and mechanical loading. Behaviour
of embedded gratings during tests was investigated.

Thermal loading

Embedded gratings were exposed to three temperature cycles. Table 5.1 shows calculated thermal
sensitivity coefficients of the embedded gratings for one of the temperature transitions from —40 °C
till 60 °C.

Table 5.1: Ky of different FBGs at the temperature range from -40 °C to 60 °C.

No. . FBG wavelength [nm] Ky [x10°° 1/K]
L 1539.11 13.96 % 0.13
2. 1530.73 12.79 £ 0.35
3. 1535.76 13.01 £ 0.40
4. 1539.72 13.80 + 0.37
5. 1543.35 8.82+0.24
6. 1548.32 12.90 £ 0.34
7. 1552.45 12.79+ 033
8. 1556.7 12.88 = 0.67
9, 1560.98 12.92 + 0.47

It was noticed that the slope of thermal dependence for each grating differs for temperatures T < 0 °C
and T>0°C (see Figures 4.3]). The Bragg grating thermal sensitivity for the temperature range
from —40 °C to 60 °C has shown a non-linear character. A non-linearity in the thermal response for
temperatures from -40 °C until -20 °C was observed for free acrylate-recoated gratings, which was
explained with dependence of the elasticity of the coating material on the temperature [Tru01]. The
thermo-optic coefficient of commercially manufactured gratings also depends on the temperature
[Rei98], which is why thermal sensitivity of recoated gratings can be more quadratic in character.
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Only one of the gratings has shown a birefringence at temperatures below -20 °C (see Figure 4.32).
The birefringence is weaker at higher negative temperatures (e.g. —20 °C). In this case of
birefringence, two reflected peaks occurred in the FBG reflection spectrum and the definition of the
grating sensitivity at low temperatures becomes complicated.

Results of thermal loading of embedded gratings allow to conclude that each FBG sensor have to be
calibrated before embedment into the host material. This will allow to separate gating thermal
responses from additional influences of a material and to analyse obtained results reliably.

Static strain

Every investigated grating reported the linear response to the axial strain. No changes in the strain
sensitivity of single FBG sensors could be determined during the test cycles. The measured Young’s
modulus of the composite material was (31.0878 £0.0016) GPa. The mean sensor sensitivity was
(1.1736 0.0003) pm/pe. Embedded sensors strain sensitivity differs from the calculated value for
the free FBG by 4.6 %.

Only one grating showed significant spectrum broadening, chirp, and considerable attenuation at a
strain of 0.2 %. Analysis of this grating spectrum during flexure of the specimen revealed that the
side band increased at a deflection value of 40 mm (see Figure 5.4), which corresponds to the strain
affecting this grating of 329.33 pe. Even such small strain values produced significant sideband
increase. The clear chirp of the FBG spectrum would occur when the grating is not straight inside the
material. The bandwidth broadening or sideband increase are usually caused by transverse stress
acting in the grating area or by other geometrical changes of the FBG. This could be caused by the
embedding method used or it could also be a matter of the FBG quality.
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Figure 5.4: Spectrum of embedded FBG before and after flexure of the cantilever composite beam.
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This was the only one of 16 gratings embedded into this type of composite material, to show
mistakes during static load tests. For further investigations it is recommended to calibrate each
grating before embedment to evaluate material influence on the grating after embedment and
improve embedment procedure.

Flexure investigations

Flexure investigations with a cantilever beam and a three-point supported beam were provided to
investigate the response of embedded and atiached gratings to the bending-induced strain. Such tests
help to reveal bonding quality of the grating inside the host material or attached grating. Responses
of embedded gratings agree well with the calculated values. One of“attached gratings experienced
poor adhesion of the glue with a surface of material and showed larger strain than was calculated. In
the case of cantilever beam, there is a chirp effect that have to be expected at smaller bending radius
as investigated. At large bending radiuses, birefringence and chirp of the grating main peak can be
neglected.

5.3 Conclusions

On the basis of the investigations carried out with free gratings and gratings integrated into the
sensor housing, attached on or embedded into material to be investigated, strain sensitivity
coefficients K, from the measured data were calculated (see Table 5.2). Each case was measured at
stable room temperature conditions (24 °C). Therefore, it can be concluded that deviation in strain
sensitivity coefficients for differently applied gratings appears from the application procedure: fixing
or embedment.

Table 5.2: Strain sensitivity coefficients K.

Sensor Bragg wavelength [nm] K, [pe']
Free FBG 1569.82 0.7671 £ 0.0002
Strain sensor rod 1552.55 0.7650 = 0.0041
Embedded FRCG:inig tetile: 1532.70 0.7393 + 0.0002
reinforced composite material

Attached FBG with X60 1549.06 0.2651 + 0.0002
Attached FBG with R&G epoxy 1529.92 0.6656 + 0.0002

A strain of 0.3 % is no problem for the free gratings or for the integrated gratings. Within these
margins, reliable measurement with this type of fibre-optic sensors is possible. It will also be
acceptable to use gratings attached with two-component epoxy glue in cases where embedment of
FBGs is not possible. The acrylate-recoated gratings are acceptable for application even for
embedment within investigated conditions, but non-linearity has to be expected for lower or higher
temperatures as well as for higher static loads.
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6 Conclusions and Recommendations

The main question of this work was: is it possible to separate unwanted and unavoidable influences
on applied FBG sensors from the sensor signal and if not, is it still possible to interpret measured
data in the right way? Free acrylate-recoated gratings show non-linear response in the temperature
range from —62 °C to -20°C (see Figure /./a). Embedment into mortar or concrete material
revealed crack development or even damage of the coating (see Figure /.2). Other coating materials
were also damaged after concrete-embedment procedure (see Figures 1.3 and 1.4). In the present
work only short acrylate-recoated fibre Bragg gratings were used. This type of coating was chosen
because of the water-proof characteristics and small measurement ranges of the strain and
temperature required. For these purposes, different FBG sensors were tested under different extrinsic
influences and embedment into highly non-uniform composite.

The strain (0.3 %) applied to the acrylate-recoated grating revealed a linear grating response.
However, after 6 months of tests, a small decrease in the grating strain sensitivity of 3.2 % was
observed in contrast to other studies of long-term sensitivity met in the literature, which do not report
changes. Therefore, the long-term response of gratings has to be investigated from various
manufacturers and for larger strain values.

The grating bending revealed noticeable changes for the radius of 6 mm. A grating exposed to
bending with a radius of 2.5 mm has shown significant spectral changes. In the case of unapplied
gratings, or where bending-free fixing of the grating inside a sensor housing can be ensured, this
influence can be avoided. If the grating is embedded into a non-uniform structure, the microbending-
induced distortions to the recorded signal have to be avoided by an improved embedment technique.
Where this influence cannot be avoided, sensors will not deliver reliable information.

A point-wise transverse load of 9 N (indentor width: 57 um) affecting an unapplied recoated grating
causes its critical failure. For an indentation with a load of 7N, signal attenuation of 33.82 dB and
wavelength shift by 0.2 nm were recorded. The point-wise indentation on the bare grating with 9 N
revealed a sideband increase by 3.3 dB, a spectrum broadening by 18 pm and a small wavelength
shift by 32 pm. There were some scratches on the surface of the grating after the indentation. This
procedure was repeated three times, but no significant changes were observed in the spectrum of
investigated gratings.

Local perturbing influences such as point-wise transverse load and microbending can lead to critical
failure of the FBG sensor, but they can successfully be avoided by improvement of the embedment
technique as was shown in the case of composite-integrated sensors. No significant changes in the
grating signal can be observed when there are no microbending effects with the bend radius
< 2.5 mm and point-wise local influences larger than 6 N (2 GPa). In general, transverse loads lead
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to attenuation of the grating signal and if held in the range of <20 N, no critical changes into the
sensor signal will be introduced.

If the grating is applied into a sensor housing (e.g. the FBG sensor rod), the fixing technique of the
grating inside the sensor rod as well as sensor rod stiffness are of key importance for the further
reliable and stable operation of the sensor. In a situation where a strain influence larger than 0.3 %
has to be expected, the investigated type of sensor cannot be applied.

In the case of embedded gratings, their reliable operation depends on the grating coating material and
host material properties and embedment technique quality. Acrylate-recoated gratings can be
successfully integrated even into the non-uniform composite material described in detail in
subsection 4.1.3, where local influences as well as general transverse stress on the fibre inside the
host material are expected. Linearity was reported at static loading until 0.6 % and thermal cycling
from —40 °C to 60 °C. However, grating failure caused by the different dependencies of the host
material elasticity and the coating material elasticity on temperature has to be expected. Temperature
investigations revealed an apparently very small hysteresis, which is less than the uncertainty of the
temperature controlling of the climate chamber (Figure 4.34). This small decrease in the
characteristics should be traced back to the drift of the climate chamber. Only one grating showed
birefringence for the temperature range from -40 °C to -20 °C. In this case, the host material and the
coating material contraction considerably increase the thermally-induced non-linearity of the grating
response at -40 °C. This occurs in the result of expected bonding defects (see Figure 4.17b). At the
same time, this grating showed linear response to an axial strain up to 0.3 %. The average strain
sensitivity coefficient K, of investigated gratings was defined as (0.7393 £ 0.0002) pe!. One of
embedded gratings showed considerable attenuation and sideband increase even at an applied strain
of only 0.2 % (see Figure 5.4). A non-appropriate position of the grating inside the host material
occurred as a result of non-uniform epoxy ingress during curing of the composite (see Figure 4.16b).

The grating attached to the surface of the specimen with X60 epoxy glue showed the step-wise
systematic error in the response due to the large difference in the material elasticity between the
material surface, the acrylate-recoated grating and the X60 glue. Gratings attached with the two-
component epoxy glue (R&G) showed a strain response, which tends to be linear up to 0.3 %. Only
one grating fixed with this glue on the surface of the composite material showed poor bonding.

In the case of integrated gratings, operation limits could be recognised by carrying out flexure
investigations. Requirements with regard to the embedment technique could be recognised as well.

A sensor system in which FBG sensors have to be installed, has to be analysed previously and
evaluated under critical influences, which can affect the FBG measured signal. On the other hand,
exact grating parameters, such as refractive index and refractive index modulation, thermo-optic
coefficient, coefficient of expansion and photo-elastic coefficients, as well as grating geometry
(architecture) and coating material properties have to be known. This makes it possible to avoid the
unreliable operation of the sensor.
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7  Outlook for further investigations

The investigations undertaken once more proved that for a reliable theoretical evaluation or for the
analysis of obtained results it is important first to know material characteristics and grating
parameters. It is also important to know the grating architecture and parameters, because this allows
the timely rejection of gratings which might produce a failure in further applications. This failure
diagnostics is valuable especially in the case of embedded gratings or sensor networks where the
replacement of failed grating would be impossible or very costly.

It is also important to investigate the influence of thermal and stress gradients on the behaviour of the
FBG. This situation is frequently encountered in the case of embedded gratings, where the position
of the grating inside investigated material is difficult to define. Resulting changes introduced by such
influences may cause a FBG spectrum chirp, which will then introduce large deviations in the
obtained signal.

7.1 Estimation methods of gratings parameters

For successful integration of sensors, it is important to define parameters of each grating which have
to be applied. This allows the theoretical evaluation of grating behaviour under different influences.
At present, manufacturers supply only such grating data as central wavelength, reflectivity of the
grating, average refractive index change along the grating length, and NA of the fibre. The grating
selection procedure has to be developed and applied before installation of this element in the sensor
architecture (whether local sensor or sensors network).

- i 2

Fig. 7.1: Images of the FBG made using the DIC technique (After: [Dra02]).
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One of the possible solutions can be non-destructive imaging of refractive index modulation along a
grating. The proposed differential interference contrast (DIC) imaging technique looks very
promising [Dra02]. Refractive index changes recorded with this technique are highly non-uniform.
The period of the investigated grating was determined from the image with an uncertainty of
+0.017 pm (see Figure 7.1). A next image taken after the grating and rotated by 90° shows that the
refractive index modulation within the fibre core is not uniform as it was supposed, but quite
complex. Therefore, it is recommended to provide preliminary tests before planning an application of
the grating.

Another problem remaining in this field is the coating of the grating. Gratings used in these
investigations were bare or recoated with an acrylate coating material, which is not desirable in some
applications because of influences of an additional coating at high strains or extreme temperatures
[Hab00], [Tru01]. Investigations have shown that acrylate coatings are acceptable for application
within defined strain and temperature margins, because only 2 of 16 tested gratings shown a non-
linear response, which can be also a result of an embedment failure. Application of gratings for
embedment into some materials such as metal or cementitious composites requires well-defined
selection of the coating. Especially for alumnia-composites, where a transverse load affects a grating
after embedment or thermal stress, coating selection is of a vital importance for the resulting grating
operation [San02]. Acrylate coating is not recommended in such cases. FBG with polyimide or
ORMOCER® coating ensures the grating’s linear response to even larger load values than 0.3 % and
at extreme temperatures [Hab00], [Tru01]. On the other hand, they cannot be applied in cases where
a contact with water or water solutions is anticipated [Hab00]. Other coating materials proposed on
the market have not yet been sufficiently investigated.

7.2 Periodical structures on the fibre cladding for specific sensor

applications

Here, investigations were conducted on FBG sensors used for measuring strain and temperature.
Other measurands can be also recorded with this type of fibre optic sensor. Other types of fibre optic
grating can be used for monitoring moisture, pH-value or water content or for other chemical
applications where registration of a refractive index of the medium is very important. For such
purposes, periodical structures created on the surface of the optical fibre can operate as probes and
interfere with the measurand directly [Lebi99]. Periodical structure on the fibre cladding can be of
following types:

a) refractive index of fibre cladding changes along the fibre axis as a periodical

y 2
function Ap = nu[l +m- cos—AEz] ;

b) fibre cladding consists of two different materials with different refractive
indices and the diameter of boundary between two materials is also described

by a periodical function;
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c) boundary between fibre cladding and the core is corrugated and the core
diameter changes along the fibre axis as a periodical function

D=Du(l+m-0052ﬁz}
A

d) fibre cladding is corrugated and the external diameter changes as a periodical

function p = Do(l -i-m-coszfz}-

The cases @) and &) can be theoretically considered, as can cases ¢) and d). The calculation
mechanism of light propagation in fibre cladding structures is presented in detail in Attachment E.

In summary, the results show that fibre cladding gratings in which the refractive index changes along
the fibre axis as a periodical function are not sufficiently sensitive to refractive index changes of
measurand in contrast to corrugated cladding periodical structures.
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Figure 7.2: Dependence of the reflection coefficient R and the coupling coefficient x on
modulation of the measurand refractive index n,, .

In the case of corrugated structures, reflection and coupling coefficients between coupled modes at
grating length of 7 mm depend on the refractive index modulation of the measurand as shown in
Figure 7.2. Corrugated cladding gratings are sensitive enough to refractive index changes of
measurand and can be used for various sensing purposes, especially for chemical sensor applications.
Such structures also have a sufficiently high reflection coefficient and can be used for other
applications too.
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Attachment A Light propagation in an optical fibre with step-
index profile

There are several methods for determining the fields in single mode fibres and the simplest of them is
based on the perturbation theory [Sny81b].

It will be assumed that the fundamental mode LP of the optical fibre is a quasi-transverse electro-
magnetic wave and in a simple case, this wave is polarised only in one direction. If polarisation
direction is along the axis x , then the field in the fibre can be given by a system of scalar equations

E, = ;V(r)e_-”ﬂz

; Al
HszEEI (A1)
H

where field components £,, E,, H,,and H, are not taken into consideration, x and ¢ arca
permeability tensor and a dielectric tensor or permittivity, and y is a scalar wave function. The
refractive index of the fibre core is approximately equal to the fibre cladding refractive index

. = n 2nd the correlation for the propagation constant is given by

A‘pmp.
)

B= (A2)
where n,; is an effective refraction index of the fibre core for weakly guided fibres. This is

approximately like a case of the plane wave propagation constant in endless medium with the
refractive index within the range of n, <n.y <n, . Polarisation properties of fibre structure have

weak influence on field inside the fibre because the refractive indices are approximately equal
Ny = ny . If the dielectric medium has close parameters, then reflection of the wave from the
interface is not sensitive to the polarisation of an incident wave. Spatial modulation of the field w(r)
is not sensitive to polarisation effects either. The function w(r) is the solution of a scalar wave

equation
2 18 5 e
{Erﬁf ro—tk (r)}w(r) = B2y(r), (A3)
where k(r) is defined by equation:
2m, i \r
k(r)= —ef(——) (A4)

This function corresponds to the largest value of the propagation constant /. and does not depend
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on the polar angle ¢ . The scalar wave function w(r) has maximum value when r=0 and tends to

zero as the radius » increases. Solutions of equation (A.3) for step-index and graded-index profiles
of fibres have shown that w(r) are of approximately Gaussian shape [Hon74], [Sny81b]. It is

important to find satisfying approximation for the field w(r) and the propagation constant £ of the
fundamental mode along the optical fibre with a step-index profile assuming that the field of modes
is given by

r

2
1
w(r)= Cexp —5[—} : (AS)

)

where r is a radius of cylindrical propagation medium, r, is a “spot size” defined by the variation

method, C is a constant derived from the normalisation condition:

ergrwz(r)dr=l. (A.6)
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Figure A.1: Dependence of the square of the propagation constant on the spot size B (n).

If equation (A.5) is a solution of equation (A.3), then it can be used as a trial function for the steady-
state equation of the propagation constant /. The spot size r, from the condition of the maximal

value of propagation constant is found [Sny79]. The propagating mode corresponds to the maximum
value of the propagation constant . A square of the propagation constant /3 is given by

T —[—c—fz]2+k2(r)w2 rdr
0 dr
= . (A7)

(rytdr
0

According to equation (A.7), the dependence ﬁ2 =f (rg) is shown in Figure A.1. Obviously, the spot
size ry changes in the range between p-dp<rn < p+ Sp - Moreover, the maximum value of dp is
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in the range which allows definition of the maximum value on the curve. In some cases it is possible

to find 8% and r, analytically by substitution of (A.5) into (A.7) and equal first r derivative of
(A.7) to the zero:

P _

8?‘0 (A 8)

Substitution of (A.5) into (A.7) will give

2m,, 4 r 2 27, 2o r .
—0.5+| =<2 | fexp—|—| |rdr+|—==| [exp—|—| [|rdr
A 0 ) A P )

2

B = ; 5 , (A9)
[ex —[L) rdr
0 "

where 0 is a radius of the optical fibre. The spot size r, for the step-index profile of the optical

fibre is given by

2

2_ P
L2 R A]O
" np? ( )

; 27phA
where V' is a fibre parameter and V =—7%7— [Sny81a], where A=1/na,2 _ndz . The normalised

frequency ¥ is less than 2.4 for the single mode fibre. By substitution of r into (A.9), equation for
the propagation constant # will be found:

(08Y = (ko) -nF? 1. (A1)
The radius 2 of the fibre core in which maximum light concentration occurs can be defined from
the condition ¥ =exp(0.5)=1.65 , which corresponds to ry = p = 1;‘5; :

bz

Dependence of a square of the propagation constant on radius of the optical fibre ﬂz(ro) is shown in
Figure A.1. The maximal value of ﬂz(ro) =8.69649x10° m™ corresponds to the spot size
o =3.16 um for the 8 pm radius of the fibre core. If characteristics w(r), ny, B, m, n(r)are

known, it is possible to describe the field in the fibre.
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Attachment B Coupled mode theory for the unperturbed and
uniform FBG

A simple case of single mode fibre will be considered. Since the medium is uniform in direction =z,
the normal modes propagating in this direction will be

E,(x, ykf(ﬂ*ﬁmz) !

where m is a mode subscript which is, for example, discrete for confined modes in a case of
waveguide modes.

Electric vector E and magnetic vector A of an optical fibre with a circular symmetry of the cross-
section are given by

E(r,qﬁ,z) = E(F,¢)6XP(_fﬂ . 3)’
H(r.g.2)= h(r,$)exp(-jB =)

where exp(cat) is a non-obviously mentioned time dependence, £ is a mode propagation constant,
r and ¢ are polar coordinates, z is the longitudinal axis. If the difference between refractive

(B.1)

indices of fibre core and cladding is less than 1 %, then vectors E and A could be approximated by
scalar wave equation solutions (Attachment A). Two modes are propagating along the fibre with
periodical structure:

incident wave A (z}//(r)e_f‘g iy

(B.2)
reflected wave A, (z)y/(r)e"ﬁ'z :
Substitution of (B.2) into (3.4) taking into account (3.5) and (3.8), gives:
[_ 21@4['(3)9_jﬁ': +2jB- fle (Z)emi]!”(r)
le-' —Jz—ﬂ:
| ko* (e’ A +ko? (r)mlr)e A (B.3)

(4 e + 45 (e )=,

In equation (B.3), part l,r/(r)eifﬁ “# is considered as the solution of equation (A.3). Parts with square

of the modulation coefficient mz(r) and derivatives of second order on z A4, (z) and Azn(z) are

neglected. In other terms, the system of equations for propagating and reflected modes are
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;?“Al = jidye!™
#4
(B.4)

d * —jAB-z
2y =i A AR,
d22 J 1

where Aﬁ=2,8——2A£, and K:%jrwz(r)koz(r)m(r)dr. Quick-varying parts along the axis =
0

introduce approximately zero contribution to the change of amplitudes A](z) and Az(z) at

integration of system (B.4) and can therefore be neglected. The following assumptions are accepted:
at z=0 the incident wave amplitude is given by A1(0)=A1 and at z=-L the reflected wave

amplitude is given by Az(—L)= Ay, where L is the FBG length. It is accepted also that A, (L): 0
and A (0)=I . The general solution for amplitudes of two modes is given by

jézﬁz s-cosh[}:-(L—z)]+jé‘2—ﬂsinh(L—z)

Alz)=e 4(0)

s-cosh(s- L)+ j%sinh(s -L)

AB

p d b
N - JjKe s;nh(s-z) AZ(L)
s-cosh(s- L)+j42€sinh(s‘ L)
(B.5)
AB .
Az(z)=esz — fK smh[s~(L—z)] 4(0)

s-cosh(s-L)+j%sinh(s-L)

BB, s cosh(s-z)+ 728 sinh(s -2)
+e 2 Azﬁ Az(L)
s-cosh(s-L)-l- jTSinh(s-L)
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Attachment C Approximation of the rectangular cross-section
for the elliptical cross-section of optical fibres

In this model, birefringence of modes in the optical fibre is expressed as a sum of two components
B=Bg + Bg, (€.

where B is a geometrical part concerned to an elliptical shape of the fibre core, and By is a stress

part concerned to the residual stress in the optical fibre [Nod86].

4 3 4
2nc|2'nc02 ncl2 \ + . 2nn:lz'nco2
- : —— 7y
n.2 b/2 b'/2
cl A 1 I . N
n002 I s
’ n
| ; cl
4 : "2
2I'1cI2-nn::02 al2 I \3 nclz 2!"IC|2-1"|CQ2
E a2 i 4
I

Figure C.1: Schematic representation of geometry modulation of the circular optical fibre in
rectangular approximation [Mart99].

Propagation constants of the rectangular-core fibre

The scalar wave equation in the rectangular-core fibre is given by

atw(x,y)  2*wix,
Ziﬁyh ‘g;fy)+[kozn2(x,y)~ﬁ2}r(x,y)=oa (C2)

where ky is a wave number, w(x,y) equals E, for the quasi TE polarisation and E, for the quasi-
TM polarisation and for the x- and y- polarisation there are wx(x) and wy(y) respectively. In this
model, the scalar wave equation solution for the planar structure is used to find w,(x) and y/y(y)

components and to define propagation constants for the x- and y- polarisation of the propagating
mode [Mart99]. The results for a planar waveguide with rectangular cross-section are given by
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A cos(plx + a), |x| =
2
W (x) = M
Ay exp(f p2|xll H > 3
(C3)

B cos(v}y + y), |y| <—Z—
v, ()= .
B, CXP(“ V2|J’|) V> 5

where 1 %0 "co -B, 7 —_Mul =gyt — =k 51} o g
k 2 2
=1’L}210L-ﬁ22 : 1, —vi —,and v, —kD —nc a and y are zero for

symmetric modes and —3 for asymmetric modes respectively. Coefficients 4, 4,, By, and B,

are found for the beginning conditions that £, and %Ex are continuous in points y = i% and

d
anx EE are continuous in points x= +5 The same conditions were taken for the y-

component of the field. Found solutions for the x- and y- components of the propagation constant can

be used to find the parameter P? called normalised propagation constant, which is used for further
calculations. For an elliptical fibre core this parameter is given by

2 2. 2
g2 _k
=t T, (C4)

k[)2 nc02 _”clz
where i=x,y . Two corrections are considered to define normalised propagation constants of modes
in an elliptical core fibre along x - and y -axes sz and Pyz, using found values for rectangular
core fibre. Geometrical corrections me and Psz , which account for the difference in shape

between rectangle and ellipse, have to be estimated first, and then stress corrections szz and Pys2 .

The normalised propagation constant then is given by

2,
sz =PiG +F:Gz +F;-S2 _ (C.5)

Geometrical correction
The square of the refractive index of the rectangular-core fibre is given by

n2(x,y) = w2 (x) +n"(y), (C.6)

where
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e |x|<£ i |y!<fl
2 2 2 2

n(x) = 2 and n(y)= 5 , (€7
=T, o> =22, bf> 3

and of the elliptical-core fibre is given by

2 2

x ¥y 1

Hegy —+—5<—

co ar2 br2 4

n(x,y) = 5 : (C.8)

% ye A

Hoy —he =

< a-z bfz 4

The correction to the refractive index square &n* in areas signed by 1, 2, 3, and 4 (see Figure C.1)
appears as

2
, o —na’) 134
= : (C.9)

2 2
o™ =g ) 2

From the calculation of perturbations it follows that geometrical corrections will appear as

PGZ = 1 HIWx(x’ylzé-ndedy
’ Aoy = ”cfz m':”x (x, J’lz dxdy
(C.10)
2
G2 i H\Wy(xdq Sn’ dxdy
Bo= ;

ney — g’ Jilwy yfdxdy

where a,r/x(x,y) and u/y(x, y) are analytic solutions of the scalar wave equation for the fibre with

rectangular cross-section.

Stress correction

This second correction is connected with changes of the refractive index induced by the residual
stress in the optical fibre. For three-dimensional stress distribution, the dependence between the
refractive index and the main stress components is described by the Neumann-Maxwell expression

Hy = hy +p110'x+P12(Uy+o-z)

n2=n0+p11cry+p12(0'x+0'z ’ (C.11)

n3 =ng + pp10; +P12(Jx +Gy)
where ny is a refractive index without stress, n;, 1,13 arc components of the three-dimensional
refractive index distribution. py;, pja are elasto-optic constants, o, o, and o are main stress
components in the material, where o, and o, are in the plane xy and o, is directed along the

axis z. To make the expression simpler, the strain component o, can be neglected because it does
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not induce birefringence. In addition, it could be assumed that the directions of main stresses
coincide with normal stresses and formulations for refractive indices of the fibre will be

n, =ng+An,

ny, =ny+An,’ (C.12)
where
An.x' S P[ la'x + p!zdy
3 G:13
Any =P10y + P120x ( )
where Any, An, are changes of the refractive index induced by transverse stresses.
Corrections of the residual stress influence to the propagation constant will appear as
2 2
P52 _ 1 ‘[j'lc//y(x,yX hnOAnx +An, }dxdy
x T2 2 2 ?
Heg — Mgy H|V/x(x: y} dxdy
) (C.14)
2
pS2_ 1 Hl;uy(x,yx &noAny+Any }cﬁdy
y T3 2 2 2
Heg — Ry H]Wy (JC, yj dxdy

To define An, and Any it is important to know distribution of transverse stresses o, and o,
which can be found using existing finite-elements method for stress-calculation at any point of the

investigated structure.

Parameters of birefringent fibres

Knowing normalised propagation constants of modes it is possible to calculate the general
birefringence of the fibre:

B =\/Px2(”c02 _”c.’z)"' ndz _\/Pyz(nwz _ndz)+ ncn'z . (C.15)

The geometrical birefringence:

2 GrY 2 2) 2 02 (}2( 5 2 2 .
BG =J(Pxo +Px ](l’la) =Mg TFH = Py +Py L )+f’ld ’ (C.16)

When general and geometrical components of the birefringence are known, it is sufficient for
calculation of the stress part of the birefringence:

Bg=B-Bg. (C.17)
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Table D.1, FBGs used for research.

: Peak- Reflectivity, Transmission
No. Company Sensor configuration Wavelength, nm o loss, dB
L. AOS GmbH simple 1543.743 88.70 9.500
2. A0S GmbH simple 1547.886 89.50 9.800
3. AOS GmbH simple 1551.986 88.70 9.500
4. AOS GmbH simple 1539.786 91.40 10.719
5 AOS GmbH simple 1555.929 90.23 10.100
6. AOS GmbH simple 1535.957 89.70 9.900
77 AOS GmbH simple 1559.829 88.70 9.900
8. AOS GmbH simple 1531.986 90.00 10.000
9. AOS GmbH simple 1563.971 91.50 10.896
10. AOS GmbH simple 1527914 88.70 9.741
i, | dmgeniowburo.lcns simple 1521.903 N/A N/A
Peupelmann
i, | MoRcEemhIty simple 1528.623 N/A N/A
Peupelmann
g, | MEeinbiing lens simple’ 1530.865 N/A N/A
Peupelmann
g4, [ Ingspicusbiico:Jons simple 1532.787 N/A N/A
Peupelmann
15 Ingenieurbiiro Jens simple 1534.280
Peupelmann
5 [ ARAEILILRIC S0 simple” 1534316 N/A N/A
eupelmann
fr | e anoling ot simple 1536.895 N/A N/A
Peupelmann
[ | lpsisahieon simple 1541278 N/A N/A
Peupelmann

" Originally supplied without coating
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; Peak- Reflectivity, | Transmission
No. Company Sensor configuration Waivelength, i % loss, dB
Ingenieurbiiro Jens .
12. Peupelmann simple 1544.726 N/A N/A
Ingenieurbiiro Jens g
= Peupelmann simple 1548.841 N/A N/A
gy | TSIl ANy simple 1552.698 N/A N/A
Peupelmann
Ingenieurbiiro Jens .
22, Peupelmann simple 1556.769 N/A N/A
o9, || e simple 1560.110 N/A N/A
eupelmann
24, [PHT Jena simple 1569.900 N/A N/A
25, | Ingenieurbliro Jens | o 1e/ embedded 1548 882 N/A N/A
Peupelmann
26, | IngenieurbliroJens | g )e) embedded 1533.798 N/A N/A
Peupelmann
g7, | IneenieurbiroJens | g embedded 15342216 N/A N/A
Peupelmann
28, | ImecnicurblroJens | s embedded 1530.865 N/A N/A
Peupelmann
29, | IBEMICUBIIOJENS | gimpie/ embedded 1534970 N/A N/A
eupelmann
30, | ImgenieurbliroJens | e embedded 1532.770 N/A N/A
Peupelmann
31, | Imeenicurblro Jens | o hies embedded 1539.680 N/A N/A
Peupelmann
3p, | Imgenicurbtro Jens | ool embedded 1534.600 N/A N/A
Peupelmann
33, | Mngenieurblro Jens | i) embedded 1532.854 N/A N/A
Peupelmann
G 1546.560
Ingenieurbiiro Jens 3-FBG array/
2, Peupelmann embedded b330 N N/A
1556.840
1530.730
1535.760
1539.700
Ingenieurbiiro Jens 8-FBG array/ 1543.380
A Peupelmann embedded 1548.340 M Ll
1552.480
1556.740

1561.100
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Company

Sensor configuration

Peak-
Wavelength, nm

Reflectivity,
%

Transmission
loss, dB

36.

Ingenieurbiiro Jens
Peupelmann

8-FBG array

1531.501
1535518
1539.198
1544.150
1548.166
1551.570
1556.986
1561.039

N/A

N/A

37.

Telegartner GmbH

FBG Sensor Rod

1552.595

N/A

N/A
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The equation for the propagation constant £ of the fundamental mode propagating in the cylindrical

medium with the » is given by

;f{- [‘;‘f’)z k2 (r? }rdr

jrwzdr
0

(E.1)

o=

According to equation (E.1), the dependence ﬂz =f(r0) appears as it shown in Figure A.1. The

spot-size ry changes in the range of p-dp <ry < p+ dp . The maximal value of »; corresponds to

the maximal value of /5’2. In some cases, it is possible to find ﬂz and ry analytically. This can be

done by assuming that first »; derivative is equal zero:

3 2
E’ffo' (E2)

The maximal value ﬁzmax =36.03 um™ corresponds to the spot size of 4.5 um. Taking into

consideration that core and cladding refractive indices are constant and equal n, and n,

respectively, the parameters 1y and # of the single-mode fibre can be calculated after Snyder et al.

If values y(r), r, S, m. n(r) characterising the field in optical fibre are known, then it is possible

to calculate a coupling coefficient. In a single-mode optical fibre with periodical structure in the fibre
core, the calculation of a coupling coefficient between two propagating modes is provided using the
formulation [Bob97b]:

x=%fw2(r)kf(r)m(r)dr. (E3)
0 .

From (E.3) follows that the coupling coefficient is proportional to the modulation coefficient m(r)v
Therefore, it will be sufficient to calculate & for the constant value of the modulation coefficient
m(r) =0.001. The coupling coefficient x = 1851 m™ is found for a single-mode fibre with a spot

size of 4.5 um.
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According to (E.3), the coupling coefficient « for a periodical grating on the fibre cladding can be
modified to:

w=ZTr 200 () (.30
P

The coupling coefficient x for such a case is of 1073 m" at the modulation coefficient of
m(r) =0.001 [Lebi99]. Coupling coefficients for a fibre core and cladding gratings are comparable

at the similar modulation coefficient m(r).

Thin grating formed on a fibre cladding

Optical fibres with corrugated cladding can be effectively used for various applications, for example
in a case of chemical sensors, which have a contact with the measurand. Optical characteristics of
measurand such as refractive index and coefficient of absorption have a direct influence on a
reflection coefficient of fibre cladding gratings.

35.45 : : : :
3543 | -
el o
x .
= 3541 / -
s /
X 3539} / .
5 ’/
3537 | 1
35.35 | | 1 L\
25 3 35 4 4.5 5

Spot size [um]

Figure E.1: Dependence of the square of the propagation constant /32 on the fibre radius r for
different types of measurand.

Obtained magnitudes of the coupling coefficient in thin cladding periodical structure are:
Kk, =10740m™" for the refractive index of the measurand n,; =133, x, =10692 m" for

Ay = 1.34;and x5 = 10689 m™ for n,3 =1.35.
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60000 ]
b ]

= 50000
£ /
= KA
5 40000 / K1(m)
£ 30000 —8— i;,(m)
8 ﬁ*K:s(m)
S 20000
(@]
£
S 10000
o
(o]
O 0

0.1 0.2 03 B4 0.5
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Figure E.2: Dependence of the coupling coefficient Jc(r) on the modulation coefficient m(r) ata
corrugated boundary between a fibre core and cladding for different refractive indices: (m) at
Hyy =1.33, ky(m) at ny, =1.34 x3(m) at n,3 =1.35.

As could be seen in Figure E.2, the coupling coefficient does not change with a change of external
refractive index considerably. That is why the structure will not be sufficiently sensitive to a
measurand to be used in a sensor based on the principle of the refractive index change, but the

application of such structures can give good results in fibre optic sensors of pressure, strain or
temperature.

Corrugated boundary between a core and a cladding
Optical fibre with corrugated boundary between fibre core and cladding is shown schematically in
Figure E.3.

Figure E.3: Optical fibre with corrugated boundary between fibre core and cladding.
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Figure E.3 shows corrugated boundary between fibre core and cladding, where n,, is a refractive
index of a fibre core, n, is a refractive index of a fibre cladding, —% and % are half periods of

the corrugated grating, r, is a radius of a fibre core, » is a variable along a fibre axis (a radius of the
core-cladding boarder); —z;, z; are values of the radius » on the axis z. Mathematically, this

boundary could be described as follows

r(z)= P{l + MCOS(%\{ZH (E.4)

3

where A is a period of corrugated grating. The refractive index as a function of the fibre radius » is
given by

2z
ng, when r>ry| 1+ mcos -z}

nlr)=
{i (2;: J:l (E5)
s When r<ry| 1+ mcos e

n

In this case, the following correlation will apply:

cos[i’in wl-f (E.6)
A mp

The last equation can be solved for a z;;, when a boundary radius between a cladding and a core

equals r -

A E=p
=i =+z -
Z]p =% 5 arccos( )—_ 0 (}‘17)

It is then possible to find coefficients of a Fourier complex array showing periodical change of
refractive index of the fibre along the axis z with respect to equations (E.6) and (E.7).

A/2
C‘,((r)=L [ nlr)exp —jz—ﬂszdz: (E.8)
A_xn2 A
= x Al2
1. £o 2r 1 % 27 1 I
=— ngexpl — j—kz |+— [ n,,exp| — j—kz [+— N, exp| = j—kz |
A-,J,'Z cl p[ J A ) A—L, co p[ J A J A z{, co P[ J A J

From equation (E.8) can be found in the general case of a complex coefficient of the Fourier
transform:
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Clr)= %sin‘:karccos(r - H : (E.9)

T mry

G (r) is the most interesting component and according to (E.9):

2
Reg =N r=H
g 1—( OJ , Fg—mrg S¥ Sy +mi;

al)=y = mry (E.10)
0,7 <1y —mry, F>ry+mry.
The coefficient Cy(r), by substitution k=0 into (E.8), equals:
o=l arccos[r_ro J+nd, rg —mrg SF Sy +mrg;
T mry
Colr)= 110, ¥ <ro—mry; (E.11)
Ha ¥ >F‘0 —imnry.
In general, case dependence of refractive index on r given by
2z 27
n(r)=C0(r)+ 2G4 (r)cos| X7 +..+2C, (r)cos Tkz +..=
(E.12)

=G, (r{l +2 g;g’; % cos(%\f z) + ] =Gy (r{l + m(r)cos[z%zJ +]

500
450 | !
400 4
350 -
300 -
250 4
200 -
150 -
100 -
50 -
0 &

0 002 004 006 008 0.1

Modulation coefficient

Coupling coefficient [m™]

Figure E.4: Dependence of the coupling coefficient x for corrugated grating core-cladding on
coefficient m(r).

So, m(r)=2 C;Er) . By substitution of the present value m(r) into (E.3):
ol”

Golr)
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P ) ML TR YT (E.13)

B2 my-mny

According to (E.15) the coupling coefficient x(m) for a corrugated boundary between fibre core and
cladding at m(r) =0.001 is 4.436 m™. In Figure E.3, the Dependence of the coupling coefficient
#(m) at the change of m(r) in the range of from 0.001 till 0.1 is shown for refractive indices
N, = 1.453 and ny = 1.45.

Corrugated boundary between fibre cladding and measurand
The coupling coefficient between modes at corrugated boundary between fibre cladding and
measurand appears as follows:

K=(2ET’!+FHrﬂ”z("’)cﬂ(")cl(")dr' (E.14)

BL) nmn
where Co(r), Cl(r) are found from [Lebi99] at the variable displacement of r, into #, n,, into
ny and ny into n, ; n is an average radius of a corrugated boundary. It is necessary to take into
account an average radius of a corrugated boundary # and calculate ry for different values of
refractive indices of external medium and the constant of propagation f. Values ry and f.
Estimation for the conditions n =6 um, n, =133 and n, =135 is provided and values
ry =3.15um f =35.879. Figure E.4 shows dependence of coupling coefficients i (m) and &, (m)
at the modulation coefficient m(r] for a corrugated surface and two values of refractive indices
A =133, pyy =135, A coupling coefficient can be of larger value for a corrugated cladding at

modulation of an external cladding diameter in the range between 0.02 and 0.06 as shown in
Figure E.5. The coupling coefficient of such a fibre is very sensitive to the refractive index change of
measurand.

600 k
500 )

400 - o

7 —— i,(m)
s T — — x,{m)
200 - id

100 A
DF‘ T T T T T T T T T

0 0.02 0.04 0.06 0.08 0.1
Modulation coefficient

Coupling coefficient [m™]

Figure E.5: Dependence of coupling coefficient between modes on the coefficient m(r): x(m) at
N = 1.33and x,(m) at n,, =1.35
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0 T:® LESd £d BT - ELd L0 BF ok ¥ad & Tk BT

1.33 1.334 1.338 1.342 1.346 1.35 1.354 1.358

Refraction index of measurand

Figure E.6: Dependence of the reflection coefficient R and the coupling coefficient k& on
modulation of the measurand refractive index ny, .

Reflection and coupling coefficients between coupled modes at grating length of 7 mm depend on a
refractive index modulation of measurand as shown in Figure E.6. The sensitivity of the element
with corrugated boundary between fibre cladding and measurand can be determined for m =0.001

| Ak _ 1 Xi35-%133 =8]03, where An, is a change of measurand
m Ang 0001 135-133

accordingly by s=

refractive indices; Ax is a change of the coupling coefficient. The coupling coefficient between two
propagating modes can be larger using sinusoidal corrugated fibre cladding.
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