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STRUCTURAL HEALTH MONITORING BASED ON FIBRE OPTICS
CURVATURE SENSOR

ABSTRACT

A packagedfibre-based idine MachZehnder Interferometer ssor (Hereinafter,
referredas packaged MZI sensongjth highestsensitivity up tois -3.27 Wm is
fabricated. Packaging is introduced to the sensor to protect the sensor under harsh
condition of the real sensing environment. The packaged MZI sensapable to

detect minimum curvature of 0.25Knand maximum curvate radius up to 4km,

which ishighly sensitive in monitoring the structural healithe packaged sensor is
characteised based on the imposed curvature at various wavelengths. Operating
wavdengths of 1310nm, 1490nm and 1550nm are used in curvature calibration to
observe the sensitivity at different wavelength. More importantly, the effect of the

packaging thickness to the curvature sensitivity is justified in this project.
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CHAPTER 1

INTRODUCTION

1.1 Structural Health Monitoring

Over the decades, aterial sciencdas beerestablished to enswg¢hat mod of the
engineering structuresuch as civil infrastructureshipping, aero and aerospace
structuregmeet the minimum safety standaRY introducing invarious types oin-
service or preservice mn-destructive testdNDT), structuralfailuresare managd to
be detected

Structural Health Monitoring (SHMin aids of the NDT methods are widely
implemented in damage detectiohthelarge scale civil structuréviaintainability of
civil structures such as bridges, buildings, damssselsand platforms @n be
improved by implementingvarious types of sensoigto the systemTraditional
vibration sensors such as magnrelectric, piezoelectric, and current sensor are
commonly used in SHMThe wavesgenerated within the structure will beflected
when meethe discontinuities, therefostructural healtlhinformationsuch agiamage
and crackcan belocalised. However the damping property of ntasaterias causes
attenuation inthe waves during propagatiowhich may leadto signal weakening
effectandincur error in underratinghe severedamage(Yang & Hu, 2008)



1.2 Optical Fibre Sensorsn SHM

Opticalfibre sensos preponderatéhe conventicmal electronicssensors in many ways.
Firstly, opticalfibre sensos arenonconductived electromagnetimterference which
operate independently andgafely under conductive environment. Besides,
predominantsensitivity of opticalfibre sensorn detecing a tiny scale deformation
(strain and bending)f the material way beforedt fracturehappens, overrides others
in term of failure inspectioriThe prefailure detection of opticdibre sensorenables

residents to take evacuation action immediately, before the catastrapbens.

1.3 Installation of Optical Fibre Sensor

In general,sensing system of theoptical fibre sensorcan be classified into two:
localised and distributed sensing systehocalsed sensing systeris a single point
sensorwhich functions to detect and feedback the impact in form of analysable
information Whereas a distributedfibre sensoris possibly made up of multiple
combination amys of locaked sensorswhich can cater tamultiple points and
parametric sensin@ylultiplexingsuch as Wavelength Division Multiplexing and Time
Division Multiplexing is requiredin this sensing systeno distinguishthe output of
dataarrays(Yin, et al., 2008) In the real application of SHM, distributed sensing
system is commonly used for multipfwints detectionwithin a large scalecivil
structuresbyinstalling the sensor arraysa distributive manner ovéneloadedpart

of building such as struts, beams agdiers.

14 Sensingprin ciples of Optical Fibre Sensors

The most commonly implemented sensing principles optical fibre sensorare
interferometry, grating andscattering Interferometricsensing principle splitshe
coherent sourceto two signalsand recouple themin orderto retrieves information
form the interference signallnterferometric ensors such asvlach-Zehnder,

Michelson FabryPerotand Sagngare applying the interferometisensing principle



The physicatletectionncluding strain, temperature, pressure and refractive index can
be donemajorly throughinvestigating themeasurandguch as power fluctuaticand
phase shift¢Lee, et al., 2012)

Grating sensing principlis commonly implemented in long periGdre grating
and short periodibre grating, by varying the period grating knowingly. Application
of grating asa wavelengtkselective filteror modedependent splitters governed by
periodical modulationof the refractive index along thé&bre. Parameters like
attenuation and shifting in transmission and reflection spectrum can be used to detect
the structural deformations such amechanicalstrain and temperature expansion.
Scatteringsensing principle such &rillouin and Rayleigh sc#drings areused by
small portion of researdn sensing the structural strgifhé&enaz, 2010; Mizuno, et
al., 2015) However,this kind of sensing principle isorewidely usel in pipeline

leakage detectiofDaniele, et al., 2007)

1.5 Aims and Objectives

The project aims talesign a packagedZl sensor and taharactese its curvature
sendivity based on various wavelengtigesides, the effect gfackaging thickness
to its sensitivity also will beharacteried in this project.

1.6 Thesis Outline

Chapter 1 gives a brief introduction 8HM, types of opticafibre sensor, sensing
methods ad structures. Chapter 2 reviewsveraltypes ofoptical fibre sensors in
SHM, andthe respective sensing principle. A suitable sensor was designated in this
section;the relevansensors system desigissdiscussed. Chapter 3 focuses on the
methodologie®f this project, which includes fabrications, packaging and calibrations
of MZI sensor. Chapter 4 investigates the power intensity chamgespondingo the
curvature of bending results from increase loadiogharactesethe sensor tsed on

variouswavelengths angbackaging thicknesdResults of respective calibrations is



further analysed and discussed in the section the@uipter 5 concludes all the

completed works and discusses some recommendations for the future topics



CHAPTER 2

LITERATURE REVIEW

2.1 Types of Optical Fibre Sensor in SHM Application

Structural health can be monitored throddpe-basedflexural strain and curvature
sensorOpticalfibre sensorshavedifferent sengg principlessuch as interferometry
grating and scatterindg.ong periodfibre grating(Sharma, et al., 2012)ibre Bragg
grating(Mokhtar, et al., 2011andtaperedvZl (Wen, et al., 2014are thesensr that
dominanly researchedn the part hereotheliterature review based on t&uctural

systemand sensing principle difie threesensos will be elaborated in detailed.

2.1.1 Long Period Fibre Grating Sensor

Long-periodfibre grating (PG) was first proposed byengsarkar et aln 1996, is a

grating device designed by phatwluced periodic modulations of the refractive index
along the core of a singlaodefibre (SMF). The grating period normally ranges from
100mm to Imm.LPG can be fabricatedsing UV irradiation, CQ@laser, and infrared
femtosecond laser pulses to creates a permanent refractive index interference pattern
in the opticalfibre (Kondo, et al., 1999; Zhu, et al., 2007)

Integrating the effeadf grating period and variation in refractive indphases
matched couplings inducedfrom the fundamental core mode @JPto the higher
cladding modes (L&, m= 1, 2 ,a3pedlfié fesormmnce wavelength. Thergby

generates a seriaktenuation dipsn the transmission spectru(Runeet & Himani,



2015) The phases matching condition between the core mode and cladding modes for

LPGis governby eq. 2.1.

- € € 5 ¥ (2.1)

Where_ is the resonance wavelength, ; is the effective refractive index
of the core mode and ;, is the effective index of the"c | addi ng mode.

grating period.

Unstripped fiber LPFG Bare fiber

|

( o— L1111 — )

Figure2.1: Schematic tagram of arin-fibre LPG Sensor

n cleff

nco,eff

Mode coupling

Fundamental
core mode

Cladding mode
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LPFG length

Figure2.2: Couging of a Fundamental Mode to a Claddingdésin LPG

Attenuation inLPG is high due to the propagation of light withthe lossy
cladding ambienceélhe changing of core and cladding properties, more essentially the
refractive indices and the grating pefia will affects the attenuation spectrum of
LPG (Yin, et al., 2008)
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As the coupled mode propagates along the cladding, it is highly sensitive to the
changeof the ambient refractive index,hich in turn varies the propagatingnstant
of cladding mode thatausesttenuation dipand phase shifBesides, elongation of
the gratingperiodwill introducethe similar effect onto the ssor (the effect can be
observedin Figure 1.3; (a) and (b)) Therefore, variations such as tempera
curvature, strain and external refractive indices can be observed by detecting the

changes of the two parameters.
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<90 -20
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Wavelength (nm) Wavelength (nm)
(a) (b)
Figure2.3: Transmission fectra ofLPG of Length; (a) ~m and (b) ~m (Yin, et
al., 2008)

2.1.2 Fibre Bragg Grating Sensor

Similar toLPG, FibreBragg Grating (FBGis designed by varying the refractive index
periodically along the core of a singieodefibre. In general, the grating period is
smalle thanLPG by morethan two orders of magnitude. Fabrication methods such as
UV irradiation and electron beam interference lithography are applied to induce a

permanent refractivendex changén FBG (Qiu, et al., 1999)

Unlike LPG,in FBG, only fundamental core mode surviveghatransmission
signal where no cladding modes survive within the cladding. The short period grating
acts as a wavelengsielective reflection filter, toeflects the signal fall within certain
wavelength as depicted in Figure 2.9he reflected wavelength, namely Bragg

wavelength, is highly dependetat the elongatiorof gratingimposed mechanically



and thermally to thefibre (Eric, et al., 2011) Therefore, FBG is in gena
charactesed by the Bragg wavelength. Any elongatiarthe FBG will increases the
grating period, and hence results shdtin Bragg wavelength (as can see in eq. 2.2).
Therefore, y measuring the shiftg in Bragg wavelength, structural strain dowen

scale of micron strairt () can be detected.

_ G (2.2)
Wheree is the effective refractive index
grating period.
Unstripped fiber FBG Bar‘e fiber
( o T = —)

Figure2.4: Schematic agram of arin-fibre FBG Sensor

Nesr
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Figure2.5: Wavelengthselective Reflectionalifer of FBG



2.1.3 Mach-Zehnder Interferometer Sensor

MZI sensorin typical, inline MZ| canbe fabricated bylaser ablationMorales &
Lieber, 1998)fibre pulling (Clohessy, et al., 2008y direct draw from bulk materials
(Xing, et al., 2008)caugs necking athe tapersites.The fabrication techniques of
taper are much more easyngpared to grating. Among the existing techniqulksne
heating technique is the most versatile fabrication method, which produdésr¢he

taper with relatively good physicptoperties(Harun, et al., 2010)

S (2.3)

Owing to necking (reduction in radiusof fibre core, a, drop in A number
induces scattering loss at caradding interface. Therein, the input signal
(fundanental mode) in the core splpartially into the tadding at the first taper site.
The cladding modes propagatgthin the claddingalong the interferometric length
andrecoupleback to the fundamental modéethe second tapéki, et al., 2011) The
mode splitting of MZffibre taperis depicted in Figure.8.

Bare fiber Fiber taper 1 Fiber taper 2 Unstripped fiber

AN

:=-=[==(={ )

Interferometric length

Figure2.6: Schematic tagram of arin-line Tapered MZI nsor
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Cladding mode

Input signal Output signal
(Fundamental mode) ‘ (Fundamental mode)

Figure2.7: Splitting of undamental Core Mode inrst TaperSite

When the cladding modes propagating alongitiierferometric lengthit is
highly sensitive to the change of curvature, whieesbendingvill resulta tremendous
loss in signalAdiabaticity of the MZIfibre which tells the degree of loss, is dependent
on the dimension of taper such as, the local taper lesugtle, & and the taper angle,
m & . Trigonometrically, taper angle can be related to the local taper isoglb by

equating

..o 2.4)

where” is the core radius.

Taking into consleration the small angle approximation, thus the taper angle,

m & can be further expressed as:

Q'a "4 (2.5)

To illustrate theAdiabaticityof fibre taper in a moreomplete manner, herein to

introduce the coupling length between the fundamental and cladding inode,
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(2.6)

wherg & andf & are the propaaging constant of core and claddirespectively.

Thefibre taper is considered adiabatiadifl ¢ , which the losof cladding
propagation is negligiblenimost application of the MZensor in detecting strain
nonadiabatic tapeturns outo be more preferable in term of the sensitivity a more

obviouscurvatureeffect can be observed through a significant attenuation.

As governed byg. 2.8 and 2.9,ifflerent degree oturvaturecauses elongation
in theinterferometric length,., andin turnsconsequent tehift in Free Spectral Range
(FSR) The changing in FSR is inversely proportional to the variation of
interferometric length. As can see in Figure 2@, slorteningin FSRis observed in

the transmission spectra as the interferoimétngth is varied from 26hm to 40mm.

—_— & ye 0 2.7
‘© 0_ © ¢ O_0_ Al 27)

(2.8)
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Figure2.8: Transmission Spectra of MZimder Different Interferometerdngths:
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2.2

Comparison of Optical Fibre Sensors

13

Tally up the criterion ofhe aforementionedpticalfibre sensorsa table of comparison

comprised of the respective sensitivities, fabrication methods, advantages and

limitationsis summaised as in table A.

Table 2.1: Comparison Table of @ical Fibre Sensor

Sensor | Sensitivity Fabrication methogd Fabrication Fabrication cost
complexity
LPG 0.1-5.6p m#£ g § UV irradiation, | § High 1 High
. COz laser
Yin, t -
(Yin, et|67-154pm/C q Infrared
al., 2008) femtosecond
laser pulses
FBG 1.2 pm/| Y UVirradiation | High 1 High
(Yin, et | 1425pm/c | T Electron beam
interference
al., 2008) lithography
In-line 1.07p m/ OU 9 Laser ablation | Low I Low
tapered | o . om/mm | 1 Fibre pulling
MZI { Direct draw
(Sun, et | 11.7 pm/C from bulk
al., 2010) materials
i Flame heating
2.2.1 Cross Sensitivity in &nsors

Cross sensitivity is a commassuefor most of the existing optatfibre sensorsDefer

to theintention ofdetectingthe sole structural changésuearises when the cross

sensitivity of sensor resposido the ambient temperatuduring the detectianA

general comparison on cresensitivities of standard LPG witlB6 shows that, the

strain sensitivities of LPG is vying tRG.However, the profounthermal sensitivity

in LPG makes itself a less preferable strain sen&6n, et al., 2008) Particular

technique is proposed by many reshas to compensate the temperature effect from
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the strain and curvature detection. The mutwathpensating transfer function matrix
is thetechniquecommonly usedor most of thesensos. (Mokhtar, et al., 2012; Raiji,
et al., 2016)

Tapered MZlsensorhas a vying thermal seitisity with LPG and FBG, and is
highly sensitive to micrédbending Figure 210 shows the spectral shifting in
responding to the temperature variatfvom 168 to 5@ ), it is shown that the sensor
experiences power attenuation and decreasing in FSR (causes spectral shifting) when
the temperature is higheéfhe temperature effect contributed to the MZI sensor can
also be compensated using thatuatcompensatingransfer function matrixwhich

as reported in a journal by Raiji, et. al.

15 1 I I 1 1
/ \ Vit
-15,5— y \ % / y vy [~
/ \ M / \ A A2 P
1 | 1537nm / \ / \
/_\ .‘ . \ / \ 1568.7nm ol ] \
~16— 7/ / \\ \ A\ \ a4 \ 7 \ \
/] \ \ /i \ \ /] % \ / MO\ A
/1 \ / \ 7
74 A ) / \ \ 7 { X \ f \ \
-16.5 / f \, "‘. ] 74 / \ \ / / \ \ /« / \ [
/ | \ / / \ \ / \ \ { / \
/ / \, \ / [ ‘\.‘ \ / / \\-., \ // / \
E -7 / A\ [ \\ / f A\ y / L
ﬂ;) .‘\.‘.*‘"/ “‘ /
& -17.51 \ Wik ) r
\ -
—18 / \ / \ [ \ | -
-18.5- \ / \ [ / L
= \ |/ \. i / —16°C
~19 \ |/ \ / \ | 30°C [~
- A —a0°C |
50°C
-195 —_—
1520 1530 1540 1550 1560 1570 1580

Wavelength (nm)

Figure2.9: Spectral Shift Due to Temperatured@gegRaiji, et al., 2016)

2.2.2 Fragility of Fabricated Segment in &nsors

Fragility is the major drawback olboth fibre gratingsand tapersin the SHM
application. The lengthy processes of plagirication manufacturing such as stripping,
cleaving, splicingand packaging, may contribute deformation tostiggnent and more

critically, fracture. The repeated mechanical actions like lifting, dropping, bending and
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clipping during the manufacturing processes, may incurs fatigue failutke grating

and taper

On that note, e fragility is introduced inevitdly into thefibre gratingduring
the fabrication process. As tfibre is illuminated under amtense UV laser lighthe
silicon-oxygen bondsvere brokenresulting a slight increment mefractive indexat

the same time causes damages to the struzttine fibre(Doyle & Crispin, 2003)

23 Sensor System Design

With the combination of reasoms$ high curvature sensitivity, low cost and ease of
fabrication MZI sensor are chosen to be justified by carries out furthievatre
calibrations Design criteriorof MZI sensorin the fabrication andbackagig will be

discussed in the following section.

2.3.1 Fabrication Criteria

Taper region  Interferometric length Taper region

e WP

Figure2.10: Schematic Diagram of the Fabricated M£&inSor

Figure 2.14 shows the schematic diagram of the fabricated MZI sensor which
consist of 2 taper region8s reported by Wanga minimum 0.6 mm diameter taper
is required in order to meet the threshold for cladding mode spltfifaing, 2012)
Besidesa short interferometric length can get a wik&R profile (asshownin figure
2.19, hencea preferable larger linearity region of spectrcan be observe(d, et al.,
2011)
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Figure2.11: Linearity Region of Spectrum Profile for Different Interferometric
Length,L (Li, et al., 2011)

2.3.2 Packaging of ®nsors

To protect the sensor under harsh condition of the real semsimgrement paclaging

is introduced to thein-line tapered MZIsensor Packaging criterion such as
packagingdés material, care rinepossiblecantribatimgl a d h e
factors to decouple thmurvaturesensitivity of the sensor.

Polypropyler is generally useds packagingmaterial inopticalfibre sensors
owing to the mechanical properties of low young modulus with relatively high tensile
stress and breaking stragAnon., 19992001) Optical fibre sensors aregererally
sandwiched in between tvmlypropylene slabs biyeans of ganoacrylate adhesive,
due to the good strain coupling atyilof cyanoacrylateover other type of adhesives
(Clements, 2006)In addition, the nowovalent adh&ve usingcyanoacrylatevhich
only involves polymerization the surfaeell neitherdestrogthestructure of polymer
nor causeshanges of property

Inastudyon t he effect of F BSdblsheplay Mékthayi ng d
at el, several dimensi@of nonuniform packaginglesigns wereompared in term of
the effectivestrain and temperaturgensitivities A general result showhat strain
sensitivity is high for the narrowidth and thin packaging design, whereas, significant
thermal sensitivityshows inthe widewidth and thin desigfMokhtar, et al., 2012)
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However, ot as prevailed as FBGs, the effectpaickagingto tapered MZI
sensor is not popar in the researchlhe splitting of modes in MZI sensor is differs
with its taper diameterand taper length Practically MZl sensor with exactly
identicaltaper diameterand taper lengthis hardto beduplicated Thusevery MZI
sensor isuniquein term of the sensitivityo the curvaturewhich implies that the

charaterization must be done using the saseasor.
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CHAPTER 3

METHODOLOGY

In this chapter methodologyof this projectwhich comprises of two stages: the
preparation of sensor and characterization of semslbhe discussed in detaileth

the characterizain stage the optical output (powef sensoris calibrated to the
physical curvature. The characterizations are carried out based on various wavelengths
and packaging thicknesseasastly, backtracing ofsensor is conducted to justifige

repeatable saing capability of the sensor.

-------- ‘ Preparation of Sensor % { Characterization of Sensor }

Fabrication of Packaging of | ! Curvature o .

. . Characterization Back-tracin :

‘ Sensor »‘ Sensor | Calibration g ;

00420 Packaging

2 .

500415 e ‘ Wavelengths ’ ‘ Thicknesses

g 0.0410 4

§ : . ‘

= 0.0405 P

= 0.0400 0 a0 o

S ooses | — 1310nm Pristine Thickness

%ﬂ 0.0390 | @ 1490nm Thickness A

< 0mes 1550nm Thickness B

0.0380
0] 0.002 0.004 0.006 0.008
Curvature (m™)

Figure3.1: Outline of the Methodology
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3.1 Fabrication of Sensor

By integrating the arc ablation afidre pulling technique, an Hine MZI tapercan
be fabricated usingnin-house built arc discharge pulling righe diameters ofhe
tapers were checked undedigital microscopewith minimum acceptancgiameter
smaller than0.05 mm. Figure 32 shows thetapersimagescaptured by the digital
microscope, where both ofd@hapers are checked smattean 0.05mm. As discussed
in the previous chaptésection 2.3.1)a short interferometric length is preferate
observe a wider linearity regiorlowever,due to the limitation of the pullingg, the
minimum interferometad length can bechieved in this project is &m as depicted in
Figure 33.

0.025mm

l ‘

0.025mm

(a) (b)
Figure3.2: (a) First(b) and SecondFibre Tapersof MZI Sensor

Taper region  Interferometric length Taper region

.

Figure3.3: MZI Sensor with Interferometric lregth of 5cm

3.2 Packagingof Sensor

A packaging desigof MZI sensors ardepicedas in Figure 3i, which comprises of
two polypropylene slabs with dimensiond® 2cm 0.1 cm.The fabricated sensor

is packaged by sandwiching at the middle of two polypropylene slabs, and glued
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usingcyanoacrylate gluéhe packaged MZI sensor is left for few hours to ensure the
cyanoacrylate is fully cured before it is ready for the t@3te.packagedZl sensor

is stown in Figure 3.

Unstripped fiber Taper region Stripped fiber

\ —% 2cm

me\.ﬁ \—

12cm

Figure3.4: Schematic Diagram of Uniform Width MZI Packagedign

Figure3.5: Photo of a Rckaged MZI Sensor

33 Curvature Calibration of Sensor

After few hours of cure time, the test is readily to be Mure packaged MZI sens
input to atuneableoptical source (single wavelength laser.enenthe wavelengtts
set to be 131@m initially) and output to an optical power meter aswah@n Figure
3.6 (b). The setup oturvaturecalibration isdepicted asn Figure3.6 (a). The MZI
sensor was attachéalthe centre o&n8 m long steel baboy mean of the cyanoacrylate
adhesiveThe steel bar is theteployednto the fending test equipentas depicted in
Figure 37.
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Hardened steel bar

80.0m
/ e = PE——— =) — \
/ MZI Sensor \
Conngction to the Connection to the
optical source Holding tape power meter

Opiical Power Meter §

Hardened Steel Bar MZI Sensor

(b)
Figure3.6: (a) Schematic Diagram ofl&cemenbf MZI Sensoron Steel B, (b)

Experimental 8tupof MZI Sensoron Steel Br

Linear Variable Differential
Transformer (LVDT)

Power meter
Leoeeoevee

50g loads

Optical source

Figure3.7: Experimental Setup of Bending3t
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&
\
N\

. D=0.47cm
B
< t

Laser Source
Hardened steel Weight

7 E//"?—-__\ _______

Figure3.8: Schematic Diagraraf Steel Bar Qrvature

Figure 38 shows the schematic diagram of hardened steel bar with dimension
80cm 2.5cm 047cm, and its vertical displacememt,when loads applied. By
increasingly varies the loaalith 50g per increment, the respective power intensity is
recorded from the optical power meter. Simultaneously, the vertical displac&ment,
is recordedfrom the Linear Variable Differential Transformer (LVDTh the
succeeding procedurd calibration is reverden the ordeiby unloading the system
likewise, the optical power and vertical displacement was recaaecrify the

accurag of measurement

Figure3.9: TrigonometricDiagramof Steel Bar Curvature

Figure 39 shows the trigonometric regsentation used to derive thareature

C from the vertical displacemert, whereR is the radius of curvaturé, is the length
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of harden steel bar arfdis the vertical height of the centre of curvature from the
hardened steel baCurvature of bending can be determined throemi3.4, which can

be easily deriveds followed The radius bcurvature can be equated asm 3.3 by
substitutingeq.3.2 intoandeq.3.1, and therefore curvatur€,can be derived as &q.
3.4.

Y Q0 (3.2)

)] 3.2

Q Y - (32)
C

1Q b (3.3)
Yo

5 P 0 (3.4)
Y 1TQ 0

3.3.1 Calibration Based on Various Wavelengths

The Curvaturecalibrations are conducted at various wavelengthgsingthe similar
setupand proceduress in section 3.3, taharactese the sensitivity of sensan

respondingo various wavelengttSetup of the whole seing system is remainethe
wavekngth of optical source is varied td490 nm and 1550nm, similar set of

measurement is taken as in previous sedtorespectivecalibration.

34 Calibration Based on Dfferent Packaging Thicknesses

Thickness is an important criterion that affects #mesgivity of sensor. In this section,
two configuration of sensor with thickness(an additional 2nm slab attached in
between the sensor and steel lzamjithickness B (an additionalr2m slab attached

on the top of sensoryere prepareds depicted irrigure 3.10 The characterization
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based on three thicknessesigtinethickness, thickness A and B)aimed tgustify

whichthickness gives the optimum sensitivity

(@)

Sensor Additional 2mm slab

e

(®

Additional 2mm slab Sensor

s——=—————————

Figure3.10: Configuration of Sensawith (a) Thickness Aand (b) hickness B

35 Back-tracing of the Curvature

The backtracing process is proposed the end of calibration tealidate the real
practicdity of the sensorWhere in this section, treptical powels recorded from the
optical power meterfor each successive loading and unloading. The respective
curvature isthen backtraced based on theharactesed data from the previous
calibrations The backtraced curvaturas then compared to the real curvature
measured byhe LVDT.
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CHAPTER 4
RESULTS AND DISCUSSION

4.1 Curvature Sensitivity Based on Various Vvelength

In the part hereof, theurvaturesensitivities of the MZI sensar packaging opristine
thicknesswill be charactesed based orthree operating wavelengt(is310nm, 1490
nm and 15501m). Figure 41 showsone of the raw resultsof optical power change
detected byhepackaged MZkensorin respondindo increase loadingnd unloading
at operating wavelength 155tn. The operating regiotfalso referred as linearity
region) wa selected from the raw dato thatthe nonlinearity regions are excluded
in the analyseBy comparing the Rvalue of several regional plotthe region with

the highest Rvalue (best fit to the linear slope) was selected.

< 0.0420
-}
= 0.0415
]
2 0.0410
o
=< 0.0405
©
3. 0.0400
O
© 0.0395
(@)}

S 0.0390 % |
Z 0 0002 0004 0006 0.008 0.01

Curvature (nt)

A
v

Operating egion

Figure4.1: Raw Result of @rvatureCalibration of @nsor withPristine Thicknessat

1490 nm( indicates the loadinglopeand indicates theinloadingslopg
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Figure 4.2 depicted the linearity and Aorearity region within the responding
spectra when various weight of load is applied to the sensor. TH&parnty region
relates the optical power to the weight imposed wedkerefore shall be excluded as
it does not carry an analysable information. In spite of it, linearity region gives a clear
and analysable relation between the optical power and the loading, which is labelled
as theoperating regiomf the sensor. The cuature sensitivities of MZI sensor can be

characterised within the region, by calibrating the optical power to the respective

curvature.
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Figure4.2: Model of the linearity andNon-linearity Region in the Responding
Spectra
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Figure4.3: CurvatureCalibration of @nsor withPristine Thicknessn Respondingo
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Figure4.4: Comparison of Flexural btuli with Theoretical \Aluewithin the

Operating FRgion

Figure 4.3 showshe optical powersslopes (operating regiondf the packaged
MZI sensor in responding to tlieree operating wavelengtiio validate thexccuracy
of measurementhe flexural moduli within the operating regions are collated with the
theoretical value which ranges from 2P00 GPa (Hosford, 2010)in Figure 4.4.
Disparities in both the trend and offset are obsearadngresponding slopes dlie
three wavelengths. Consequently, the sensitivities of the packaged MZI sensor at
wavelength1310 nm, 1490nm and 1550m are different, which is 0.46IWm',
0.346° Wm?! and-1.10° Wm respectivelyThese phenomena can be explaibgd
the wavelength and polarization dependent properties of MZI sensor which will be

elaboratedn the following parts
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4.1.1 Wavelength Dependent Property of MZI &nsor

Figure4.5 shows the modelled output spectra of MZI sensor when imposed to various
loads, and the consequent optical power changes at two different operating
wavelengths. From the output spectral, attenuation in power intensity and shifting (in
practical,the FSR shifting, as has been discussed in chapter 2) are observed. The dash
lines fall on the spectra indicates the operating wavelerigghSnm and 15501,

and their responding opticpowers at respective loadings. By plotting the optical
powers against theveight imposed, two distinaptical powerslopes are obtained,
where the different in changing trend is observédrthermore, the variation of
sensitivities is modelled as in Figure 4.6 based on wavelengthnb48550nm and
1551nm within the same @pating regionThus,deduction can be made thhétrend

of responding slope arsgnsitivity of MZI sensor is wavelength dependent.
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Figure4.6: Disparity inSensitivitiesof MZI Sensorin Reponding to Variation of
Wavelength

4.1.2 Polarization Dependent Property of MZI Sensor

MZI sensor is golarization dependent sensor, where the variation in polarization state
will causes the fluctuation in the degree of signal attenudfigure 47 shows the
variation of polarization statebserved using an Optical Spectrum Analyser (OSA).
By using a pdrization controller(model FPC560 three paddles controllehe
pristine arbitrary state (statel) in the MZI sensor is transfortee® subsequent
arbitrary states (state 2, 3 and 4). The variation incurs both power fluctuation and
spectral shifting inite output spectrum. By making use of these observed effects, two
responding spectra at polarization state 1 ansledfe modelled as in Figure&.
Operating wavelength of 155m wasselected for optical powaveight plotting,to
further compare the opticgower in responding to various loading at the two

polarization states. The deviation in offset power is observed iogheal power




























































