Optical Fiber Strain Sensor FlIELD OF I NVENTI ON The present invention

rel ates broadly to an optical fiber strain sensor, a nethod of fabricating
t he sane,wendocaomzrhod of sensing strain. BACKGROUND Fi lpem/SBeang@o@sat i ng
(FBG sensors have been used in tenperature and strain sensor applications
[A. D. Kersey, M A Davis, H J. Patrick, M LeBlanc, K P. Koo, C, G
Askins, M A Putnam and E J Friebel e, "Fiber grating sensors," J.

Li ght wave Technol ., vol. 15 I-J['442e’§‘462 s& 1997]. One probl em of FBG
sensors is the discrininatQpt | twain Qi%d)rstral n responses. For
strain sensor applications, the vvavel ength shift of the FBG due to the
applied strain should be neasured, but the shift is also induced by
environnmental tenperature perturbations. Therefore, it is necessary to

subtract ffect fromthe wavel ength shift so that one can
obt ai n th'r«:el%j't[i gﬁiﬁ@?ﬂéﬁo@m y. A nunber of technigques for overcomng this
Iim']tati on haVﬁ been reported and denonstrated. For exanple, the dual

wavel ength techni ue i.nvol ves wri er| osed FBGs | ar ge
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br oadbandfapacttingind SaradHrRisssmeihed deseirgy stidin. G Xu, J. L. Ar chanbault L.
Reekie, and J. P. Dakin, "D scrimnation between strai n and terrperature

ef fects using dual “wavel ength fiber grating sensors,"” Electron. Lett., vol.
30, no. 1BACQKGROWRGD1087, 1994]. Cancellation of the thermal response of

the gratings has been reported using two FBGs that are nounted on opposite
sides of a bend surface, such that the gratings have equal, but opposite

strain [ Mip& B4 G}atlr{g (FI® %S hbve beerRaRl lﬁtenﬁﬁﬁathre Ehd Sledii 8ensof her rral ly
conpensat ed ben Bagge usi n% surface nmount ed %ﬁ g @3 Int. J.
Opt oel ect@lﬂ?mca@nSdg ersey M. RoBayis. H; dnatieto M- ’?%K aﬁ%\% Eh -1 i ght
Sogrce ;SA%é tMViad Futharh€bnd ®URJ. Fridbelel MEbEMgrdtRESsanauiRi’ed Dighoppesi t e
sides of

“Technol., vol. 15, pp. 1442-1462, Aug. 1997]. One problem of FBG sensors is the

discrimination of temperature and strain responses. For strain sensor applications,

the wavelength shift of the. FBG due to the applied strain should be measured, but

the shift is also induced by environmental temperature perturbations. Therefore, it is

necessary to subtract the temperature effect from the wavelength shift so that one

can obtain the strain effect only.

A number of techniques for overcoming this limitation have been reported and
demonstrated. For example, the dual wavelength technique involves writing two
superimposed FBGs with large Bragg centre wavelength separation (850-1300nm),
which requires two broadband sources to address the sensors [M. G. Xu, J. L.
Archambault, L. Reekie, and J. P. Dakin, “Discrimination between strain and
temperature effects using dual-wavelength fiber grating sensors,” Electron. Left., vol.
30, no. 13, pp. 1085—-1087, 1994].

Cancellation of the thermal response of the gratings has been reported using two
FBGs that are mounted on opposite sides of a bend surface, such that the gratings
have equal, but opposite strain [M. G. Xu, J. L. Archambault, L. Reekie, and J. P.
Dakin, “Thermally compensated bending gauge using surface mounted fiber
gratings,” Int. J. Optoelectron, 9, pp. 281-283, 1994]. Light from a narrow bandwidth
light source is split via a fiber coupler to the two FBGs mounted on opposite sides of
the cantilever beam, and the light reflected from the respective FBGs is monitored



the cantil ever beam and the light reflected fromthe respective FBGs is
noni toredutilizing an optical spectrum analyzer, for determning the

di f f er encwoiznodBazyg wavel ength of the two FBGs for ther malrisg20moe@sndent
strain nmeasurenents. Another exanple is a two grating sensor with different
fi ber dianmeters, which have the sanme tenperature property, to di scri m nat e
t enperature and stral n i nduced wavel ength shift [S. W Janes,
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sophi sti cated equi pnent such as spectrum anal yzers to detect wavel ength
changes oxndliesraskahleoissa itwo graiigy msmﬂedﬁetdmefihavdibmagardﬂ witiembege t 0 power

or current chan . These device e usu expensi t sur enent
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need therefore exists to provide an alternative technique to address at
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Perot (FP) filters or tunable lasers can only scan up to a maximum of 1 kHz may limit
their application in high speed strain monitoring, e.g. blast induced strain monitoring

cohere the frequency response may be up to MHz range.

A need therefore exists to provide an alternative technique to address at least one of

the above mentioned problems.
SUMMARY

In accordance with a first aspect of the present invention, there is provided a method
of strain sensing comprising the steps of providing an optical fiber having a fiber
Bragg grating (FBG) formed therein; subjecting the optical fiber to a strain inducing
force such that a grating period in a first portion of the FBG compresses and a
grating period in a second portion of the FBG extends; and optically interrogating the
FBG to determine a measure of a change in bandwidth of the FBG as a result of the
compression and extension of the grating periods in the first and second portion
respectively; whereby the measure of the change in the bandwidth is representative

of the strain induced.



of the strain induced. The FBG in a quiescent state, may have a uniform
period across the first and second portions. The optical fiber may be
subj ect edwbaoad@7str ai n i nduci ng force such that a grat ipog/Speoicmdoossh a
third portion of the FBG remai ns unchanged. The net hod may conprise
provi ding an optical fiber having a plarality of FBGs formed therein and
spaced apart along a length of the optical fiber; subjecting the optical

fiber to rality of strain inducing forces such .that, for.e FBG a
grating pﬂ}quﬁq A" ﬂP're§?er}So§rt?ntFoﬂqa(¥fhal"%ea o%rpﬁf'ggsaecgos’z?nweaf'rafl%ﬁ ng

peri od i receof@porignporti on of the FBG extends; and optically interrogating
the FBGs to determ ne a neasure of changes in bandw dth of the respective
FBGs as a result of the conpression and extension of the grating periods in

t he firstTrndpiicatdber may bieubleetiet theestrain indecied yorcé sunte dsairaegrting he
changes in tge b?élgam dLh ifst rggb(rasent at i Ve of 4 he strains induced. The
net hod ek OGHpHA QPG &M EE"35%al power from the FBG as the
nmeasure for the change in the bandwi dth. In accordance with a second aspect
of the pregsent invention, there is provide n | ca i tE@kD sensor
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portion o‘?&t‘:h@ﬁ?f’ég) E&W?@é’ggﬂ%{ﬂw@cﬁpgﬂcﬁ% Sg%ﬂ fhgg fﬁééﬁsﬁ%’nﬁgg{gﬁ ion of
the FBG epdrivadin;a fird partionndfethe dtiBG icompsassee @nd cu platidg tperibthén @pseéooatl fi ber
for optically interr ting.,the FBG. to determ.. . change in
bandwi dt hp?i*'gff r?gt“#% e teﬁ%%u?'l‘%f’q"‘taﬁ)é '@%@%@gitﬁ% isics é‘itd%ﬁegfﬁg‘% 2t he
grating peeasute ofhchirgebi insbarmdwddtheoDitite pespective FEGscasi @ gkeyylt wiieheby t he
measure of the chan in the bapdw dih is . e . af | train
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fiber suchf Bha{ 0t dthe optical fiber is

of the strains induced.

The method may comprise measuring a reflected optical power from the FBG as the
measure for the change in the bandwidth.

In accordance with a second aspect of the present invention, there is provided an
optical fiber strain sensor comprising an optical fiber; an FBG formed in the optical
fiber; a packaging structure embedding the optical fiber such that, if the optical fiber
is subjected to a strain inducing force, a grating period in a first portion of the FBG
compresses and a grating period in a second portion of the FBG extends; and an
interrogation system coupled to the optical fiber for optically interrogating the FBG to
determine a measure of a change in bandwidth of the FBG as a result of the
compression and extension of the grating periods in the first and second portion
respectively; whereby the measure of the change in the bandwidth is representative
of the strain induced.

The FBG, in a quiescent state, may have a uniform period across the first and

second portions.



subjected to the strain inducing force, a grating period in a third portion
of the FBG renmai ns unchanged. The packagi ng structure may conprise a
conposi t ewbama@mry7st ruct ure. The conposite | am nate st POTISGR@6PAGOSEONPri Se
fiber-reinforced carbon conposite material prepregs. The conposite | am nate
structure may be asymmetric with respgct to the FBG The optical fiber may
have a plurality of FBGs forned therein and spaced apart along a | ength of

the optical fiber; and the packaging struycture e he cal. fiber
such t haThe packagingopfuickue mqymbﬁdsthgwiﬁ'%%ﬁé’af %‘b"%‘anggﬁﬁrt ?PP@‘%E')?'B%{ Fain

i nduci Ng.fiREGES to HY st hdiBiRy fores,ad REing @etiod ir a teird portion pbittsl KBGof t he
FBG conpresses and a grating period in a second portion of the FBG extends,;
and the rerli\ﬂ%ﬁ?fb’@ﬁitaﬂﬁg‘?-system optically interrogates the FBGs to determ ne a
measure of changes in bandw dth of the respective FBGs as a result of the

conpressi on and extension of the ,gr at i ng gerli odsti n“#lggr first and second
portion 7Bepaekaging sfruchiie ey FoMRESe 2 SAMPESGaMRE HHLE i n t he bandwi dth
is representative of the strains induced. The sensor nmay further conprise a
photo detector for measuring a reflected optical. power fr : as the
nmeasur e fIbg QORWOskRAIREINAE SHMSURR MRYi %ﬂr?ﬁr'slenft'bfé'é%iP@B%%@ecavr\nbé)rﬂ]cé'n? %Jlftrgg aspect
of the pﬁ% p}erp,y@gt_i on, there is provided a nethod of fabricating an

[

opti cal er strain sensor, the method conprising the steps of providing
an optical fiber; formng an FBG forned in the optical fiber; enbedding the

optical HihBebnipBsife BAFEAE bIGCE ML bl gsymmdtrit uith respecttodhepBiGcal fiber is
subjected to a strain inducing force, a grating period in a first portion

of the FBG conpresses and a grating period in a second portion of the FBG
ext eﬂds. TFQ%pFI’SéfI?ﬁgQr mfay hhvd & PRFaliGOORFE Geforneptiengn and spaeadrapgetdl@ng syst em
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period in a second portion of the FBG extends; and the interrogating system optically
interrogates the FBGs to determine a measure of changes in bandwidth of the
respective FBGs as a result of the compression and extension of the grating periods
in the first and second portion respectively; whereby the measure of the changes in

the bandwidth is representative of the strains induced.

The sensor may further comprise a photo detector for measuring a reflected optical
power from the FGB as the measure for the change in the bandwidth.

In accordance with a third aspect of the present invention, there is provided a method
of fabricating an optical fiber strain sensor, the method comprising the steps of
providing an optical fiber; forming an FBG formed in the optical fiber; embedding the
optical fiber in a packaging structure such that, if the optical fiber is subjected to a
strain inducing force, a grating period in a first portion of the FBG compresses and a

grating period in a second portion of the FBG extends.

The method may further comprise coupling an interrogation system to the optical
fiber for optically interrogating the FBG to determine a measure of a change in
bandwidth of the FBG as a result of the compression and extension of the grating



The FBG, in a quiescent state, may have a uniform period across the first
and second portions. The packagi ng structure may enbed the optical fiber
such t hatwoizbodtee27opti cal fiber is subjected to the stra&cmscaesmoengsforce,
a grating period in a third portion of the FBG renai ns unchanged. The
packagi ng structure nmay conprise a conposite |lam nate structure. The
conposi ]te | am nate structure may conprise fiber-reinforced carbon conposite
materi a repregs, The copposite | amnate structur be a ic with
respect tger{qqé 'gé@ Pifteante PRE R '%FﬁﬁngtB'e¥yor"Yﬂe %’yg%l WF%?&%%% FBGs in
t he opti catangehethedrathdwie Rdepiessitatileari theasttatmipidhceaf. t he optical fiber; and
enbeddi ng portions of the optical fiber in respective packagi ng structures
such that, if the optical fiber is subjected to a plurality of strain

i nduci ng s GBS, ihod qusbeltBstaie, gniayt havg peuriifocmi periadfaarsss fher fiisbmandf t he
FBG corrpressea and a grating period in a second portion of the FBG extends.
The i nt er PEER ipﬂB'°§§'stem may optically interrogate the FBGs to determne a
measure of changes in bandwi dth of the respective FBGs as a result of the

conpr essi and extension of th tin I i s i second
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conprise a photo detector for neasuring a reflected optical power fromthe
FBG as th?"ﬁ%’&%ﬂ?‘%apg‘?é't he change in the bandwi dth. BRI EF DESCRI PTI ON OF
THE DRAW NGSFi gures la and b show schematic cross-sectional views of an

Cical fi . = . .
of the optTeRrOvPRE S IEREr axenlbite s oftgdSeatraRbRlenrEe G tForane
dItSp! acenents. ][:i I%_ure 3 stlmws a graph of bandwi dth of the optical fiber
strain sensor of FEigure , .. Fi
hons o gn Bpiegpopls Haitad Suffhe Bl torthesSB s Rbrsl BT hesse” 1 € ¢

Fi gures material prepregs.
The composite laminate structure may be asymmetric with respect to the FBG.

The method may comprise forming a plurality of FBGs in the optical fiber and spaced
apart along a length of the optical fiber; and embedding portions of the optical fiber in
respective packaging structures such that, if the optical fiber is subjected to a plurality
of strain inducing forces, for each FBG a grating period in a first portion of the FBG
compresses and a grating period in a second portion of the FBG extends.

The interrogating system may optically interrogate the FBGs to determine a measure
of changes in bandwidth of the respective FBGs as a result of the compression and
extension of the grating periods in the first and second portion respectively, whereby
the measure of the changes in the bandwidth is representative of the strains induced.

The interrogation system may comprise a photo detector for measuring a reflected
optical power from the FBG as the measure for the change in the bandwidth.

BRIEF DESCRIPTION OF THE DRAWINGS



1 a and b as a function of force applied. Figure 5 shows a graph of

refl ected power of the optical fiber strain sensor of Figures 1 a and b as
a functi onoaboadiospzacenment at different tenperatures. FPQUISE2@61080085
schematic drawing of a nulti-sensor arrangenent. Figure 7 shows a schematic
cross-sectional view of an optical filger for the strain sensor of Figures 1
a and b. Figure 8 shows a schematic cross-sectional viewillustrating

f i on_.of FBG in th ical fiber of Fi 7 Fi
expanded TIRMEBCIA P bystiny sHRAl srRberaShUugs B o Pl fodt SA °"

packagi ngsepkotict ure fabrication for the strain sensor of Figures 1 a and b.

Figure 10 shows a flowchart 1000 illustrating a nethod of strain sensing.

Figure 11 shows a flowhart 1100 illustrating a nethod of fabricating an

optical fRigee Stshews =5graparof Bfddioh HPDESERItRT lophcarfibeBGtraimnsmsonoiul e i s

di scl osed_t hat 1ca%_§{)rfanslgpte ‘strfali ninto the variation of the FBG

bandwi dt H.I94RE 1tk 1o JElRM SSRAGRTPY®m FBG with t hree sections t hat

areenbedded into an asynmetric reinforced conposite lam nate. If e.g. a

downward force is applie an | r. layer the.c ' i.nate, an

FBG sect g TS ot RartuR are BYfical thorcs B BTRBT bf Mol

conpr esseandhinds biaictibmer disghcammerds.wavel ength shifts to a shorter

wavel ength. An FBG section in a second portion of the asynmetric conposite

| am nat e expands and that FBG section's wavel ength shifts to a | onger

wavel engt igurdrd SiRssegtaphnf refleeted povendf tha peticabfibertsiraissanset ofi kdgwesmposi t e

| am nat e yemai,ns_unchanged,. i.e. t FBG section's wavel ength al so remains
FRate soree Aol

unchanged. a@'dtbnaesaa I ncreases, the bandwi dth of the reflection
spectrum of the uniform FBG thus increases, and hence the reflected power

ot o, Bl o B SR R RetebouP BRRE BbHL riB&Y dirPadsBrSr Fifshegver . the

reflectio
1 a and b as a function of displacement at different temperatures.

Figure 6 is a schematic drawing of a multi-sensor arrangement.

Figure 7 shows a schematic cross-sectional view of an optical fiber for the strain

sensor of Figures 1 a and b.

Figure 8 shows a schematic cross-sectional view illustrating formation of an FBG in
the optical fiber of Figure 7.

Figure 9 shows an expanded perspective view, partly in cross-section, illustrating a
packaging structure fabrication for the strain sensor of Figures 1 a and b.

Figure 10 shows a flowchart 1000 illustrating a method of strain sensing.

Figure 11 shows a flowchart 1100 illustrating a method of fabricating an optical fiber

strain sensor.
DETAILED DESCRIPTION

An FBG sensor module is disclosed that can translate strain into the variation of the
FBG bandwidth. The sensor includes a uniform FBG with three sections that are



since the uniformFBG w Il "react” in a uniformway to the tenperature
perturbations, as those perturbations are substantially independent from
t he asymwoOnne/omrposite | am nate into which the unifor RCERG20m/0esmisedded.
Thus, the wavel ength and reflecti on band of the uniform FBG noves "as a
whol e", and hence the reflected power 7 s mai ntained. Thus, the strain
measurenment sinply involves nonitoring the back-refl ected power fromthe

FBG The neasuyrenent speed is. substantially only.limted b ed of
the det ec‘fr@?‘?deSSdf‘toaa'bI”i‘ﬁWB'Ei‘F%ﬁere('%ﬂ)c?é Wmi?gé'geelf@”?tﬁakf %%.ngccto% g%ﬁay be as
fast as &gofcevis GbigliedTo anaippeniayerioftthd conemsite tarhinatesem§8G sextisuinemtinst, a
bandpass wayvel engt h di vi si.on nul t.j p] exer BV\DI\Q S t rate the
refl ect ecPO&WkPP o?ﬁya]{”%?? §9m8?s'tem?ﬂﬂ'"lﬂji‘le %8?\9{ gsrsggi%rqggﬁé{eac s%r?ﬁ)cgpd%ed into
an asynmaidvetength sHifts tetistepiepaaidlendthnAndiBS sedtibh inda Séeoreimortiamafitee

wavel ength. Figure la shows. a schematic, di m_of: Ll nposite
| ani nat e %Styphn&‘fc{ﬂ? 80%%5"833’{‘1?8@3%&?2553 %%&agpégzge%%rﬁgwg\?ﬁ%{l%é séﬁrsg(gt ure 100
conpr i sesa pngepiavaéndtih.ar FBGtsectioruini f neuital B@gerd 6fhesasymmetricrdompdsie cor e of
the fiber 104, The fiber 104 |s. enphe within t osite L.pat e

st ruct ure'a'ﬂf@t%Jﬁwa{rﬁaf'n?l\aﬂg‘?#’eﬁ'%%ﬂgﬁfﬁ%ﬁ?@? aglfge?'gﬂ]l%és,o iélrgg}agj acent
above andurvBboyed. he optical fiber 104 respectively are arranged
asymmetrically. Mre particular, the material |layers 108,110 are di sposed

at opposite ends along the grating 106, with an overlap area between the
mat eri al Ag@yies 2ppidl sttdif increases, tthe baadwidéh of thé eefleB® i Gpectine afdberi al

| ayers 108, 11 I n.turn enmbedde r ' - 1.ainf ed

ot or  ai APPSR dnd 1tel A B I Tbelsd holfer,for e o, 455

uni f or m FBGea&&s. The uni form FBG 106 is thus "divided" into three sections
114, 116, and 118. Wth reference to Figure 1b, if a force 120 is applied
as shown, as a result of the asymmetric conposite |am nate structure 100,

section 1Hér tefnpelmuieB@riltionseeses the exflection bagividthrBGs I@é changs ns
e et ioP SR A gEln PIRGERAL Y PP e sRSERIOR ooy
t he f or ceas those perturbations are substantially independent from the asymmetric composite

laminate into which the uniform FBG is embedded. Thus, the wavelength and

reflection band of the uniform FBG moves “as a whole”, and hence the reflected

power is maintained. Thus, the strain measurement simply involves monitoring the

back-reflected power from the FBG.

The measurement speed is substantially only limited by the speed of the detector,
e.g. a photodiode (PD), with speeds that can currently be as fast as a few GHz.

To achieve simultaneous multi-sensor measurement, a bandpass wavelength
division multiplexer (BWDM) can be used to separate the reflected power from an
array of such uniform gratings, each embedded into an asymmetric reinforced

composite laminate, with different centre wavelength.

Figure 1a shows a schematic diagram of an asymmetric composite laminate
structure 100 of the sensor module 102. The laminate structure 100 comprises an
optical fiber with a uniform FBG 106 written into the core of the fiber 104. The fiber
104 is embedded within the composite laminate structure 100 such that fiber-
reinforced material layers 108, 110 adjacent above and below the optical fiber 104

respectively are arranged asymmetrically. More particular, the material layers 108,



120 (Figure 1b) being applied. As can be seen fromFigure 2, the Bandw dth
e.g. 200 is getting larger with increasing displacenent, while the centre
wavel engtwonresaiony7unchanged when the force is applied. PosG20d@o@spl | ed
tension is large, the spectrumbegins to split into three parts (conpare
e.g. curve 202). The splitting of thegspectrumw | cause a slightly
non-1linear increment of the reflected power vm'th the increase of tension,

as wll be described in nore det bel r 4. 1t is
not ed herd0t3Hatd '?Ff?éeﬁrqtaQ’Fﬁ’Qﬁ'%te”%%fl %d?rla ot 1%5 Etaﬁh r@gg Q'Le%m ch an
asymetr 'b@tw?ééﬁpmél nateriamayatse 168, r 1 ufdunddmmmm’é bﬂw’eheuﬁBGomﬁ FB®e nto two
secti ons, y arran g the |ayers cent th 1y

al i gned &?aé%ﬂ?dl Iayq{@n}OrSe%B #i%e"F ﬁm%eﬁggogegWFS%%ngﬁe@&ﬁﬁ %F%&:rs I n
such a mpglitédpthydrs &59eMBmtich Exendalong ther entige Engthoofihe tnifome FRGME0®Handwi dt h,

a splitting of the neasured spectruminto two parts is expected at smaller
di spl acenents or strain values conpared to the splitting into three parts

f ﬁr t heh%€3Mfng¢®@d1%@% Has Cclniclilb@tﬁ infoctiee( Seictjionse$14, o 18nand ) 18.FVtir e 3
shows the 3dB ban t sur.ed a functi,on. o S t 3dB
bandwi dt KefgfencRetor ?r%a(%rga f%oﬁésaPPé'e\?n h 3 Ejﬁ\g'h ?’ép g%%r}ent?- see curve
300). Fi %{][ﬂnﬁ’(f{ﬂ'l(ﬁ&ﬁ]pbb@ ramiraed @&upt(ijw%rﬂm ?edtnuncﬂM)nofothe‘ diBs2 Hiol i ed.
The sensor nodule 1 n s fu I

Lester. TREPIERPECIEiobaIRT < R iPd orane sPR R b e et Soo

shows t hage FBE T0BXpahds, iaseesabed abbvast |inearly with applied ten5| on. The
slight non-linearity is caused by the spectrumsplitting di scussed above
with reference to Figure 2. However, as the spectrumsplitting is not a
hyst er esi dr@%sﬁhwg the réﬂ&t@cycﬁeotruhn‘mjsm$drsplac¢merﬂ ast @ rgsuitof dhelfarest

relati ons p S{]Htﬁ'ggc?{?% %GEC}_\g ﬁgche se[egnﬁjorwﬁ%l?rgpi tﬁQB ﬂ&\ﬁﬁ’f g d the

sensor ster using'sinple ca ation
procedure@o isng@md@rlar@er iwitvwesiciegaing dibplacamgrer ahile ghe r@sﬁend@\reﬂenm ure of

,t Ete Osgnfn%rgmgprgﬂng{]%r?édgi%%g[ﬁg Sorde a%%ﬁeop)WhEn?hesgﬁbﬁi% 1SR i€ 1drGe, TRANT €d
spectrum begins to split into three parts (compare e.g. curve 202). The splitting of the
spectrum will cause a slightly non-linear increment of the reflected power with the

increase of tension, as will be described in more detail below with reference to Figure
4,

It is noted here that the arrangement may be modified to a structure in which an
asymmetric composite laminate structure “divides” the uniform FBG into two
sections, e.g. by arranging the layers adjacent the FBG asymmetrically aligned
around a centre of the FBG with no overlap between the layers. In such a modified
arrangement, for a uniform grating with the same bandwidth, a splitting of the
measured spectrum into two parts is expected at smaller displacements or strain
values compared to the splitting into three parts for the sensor moduie 102 described

above (Figures 1a and b).

Figure 3 shows the 3dB bandwidth measured as a function of displacement. The
3dB bandwidth of the FBG is increased linearly with the displacement (see curve

300).

Figure 4 shows the reflected power as a function of force applied. The sensor
module 102 (Figures 1a and b) is functioning as a tensile tester. The reflected power



adj usting a displacenment of the lam nate structure 100 (Figures la and b).
The microscrew meter with the sensor structure nounted therein is placed in
an oven avodndderent tenperatures, for a series of diffecesc2dicspoasenent s
at each tenperature. Figure 5 shows a plots of reflected power versus
applied displacenent, nmeasured at 35,940, 45 and 500C. Figure 5 illustrates
that the sensor nodule is substantially tenperature-independent since the

reflected power varies little with_ tenperature co are 502,
504 and SOBPNitYRE USE 3 RRWET BIPts QUVE MRS ewsd f" H‘ﬁ%q% Ync??%?sn sensor .
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descri beqgohpar@r 8@ved BOONB02AFG4 and 506), and can function as a temperature

independent strain sensor.

Figure 6 shows a schematic diagram of a multi-sensor arrangement 600 for
simultaneous multi-sensor measurement. A bandpass wavelength division
multiplexer 602 (BWDM) is used to separate the reflected power from an array 604 of
gratings e.g. 606, 608 with different centre wavelengths. PD1 610 serves to eliminate
the effect of the intensity variation due to power fluctuations in the light source 611.
PD1 610 is coupled to one output of a 3dB coupler 612 at the same side of the 3dB
as the array 604 of gratings.

The BWDM 602 is coupled to an output from the 3dB coupler 612 at the same side
as the light source 611. The light source 611 can e.g. be in the form of a
superiuminescent light emitting diode (SLED), an edge emitting LED (ELED), or an
erbium doped fiber amplifier for amplified spontaneous emission (EDFA ASE). PD2
614 monitors the reflected power from a strain-free reference sensor 616 to eliminate
errors caused by e.g. micro bending loss along the fiber 618. PD2 614 is coupled to
the BWDM 602 according to the bandpass wavelength of the reference sensor 616.
An angle prison coupler 620 is used to terminate the fiber 618 beyond the reference
sensor 616, to eliminate any surface reflection. As will be appreciated by a person



t he photosensitivity of a single node fiber (SMF), an SMF-28 is soaked

I nsi de a highpressure chanber with pure Hydrogen at 100bars, 600C for two
weeks. Thwofndern7i73 t hen stored in a freezer at -200C t ecprseeemtootlse H2
fromdiffusing out fromthe fiber core. Wth reference to Figure 7, about
70cm of the fiber coating 700 is stripged by a nechanical stripper, |eaving
a cladding 702 and core 704 of the fiber 706 exposed. An about 60mm FBG 800
is inscribed into the core 704 of the fiber 706 by an lArﬂ/O iRir-]se'ﬁgf'

f abri cat issHed s thengrt. jbe Iafrfpﬂﬂ“%ntp@%’s‘éawgwdg@'OyﬁéC%mﬁﬁ niMEsE  beam 804,

as shown doRfifirkbrEoBsimliténdoBe nfilll serssob deaduiemedtt oven at 1000C for 24 hours
to stabilize the FBG s 800 centre wavel ength. Fi ber-reinforced carbon

conposite material (Fiberdux: 913C XAS) is used as enbedding material. Wth
ref er encantife Fbidwigy, & farichticAplesss (orposning semscegnedule b8s&d ios aandwi ched

bet ween two non-adhesive filns (nof shgwn).. FqQur .pi eces . about
80t 10nTASYAINGLCPEIRASES laypivategiaichye ﬁ'd‘ﬁ%w %%ﬁﬁ%%‘gﬁﬁm ﬁ}%rgre'gté)sﬁ%rg%%ti | i sed.
A 900mMMm phebRsbbMRItRIEEVE SRR reda e (SF) antSME-28 iesdakbd insitta bighond t he
prepreg sheets e.g.

900. The prepregs e . @g. 900 are place 1. al. um num
pl ate (noresnbaaharpbsr wWih pirg Hydrogan %H%’ﬁa&s’ 8&% tﬁg W??gﬁoﬂ]?a@?/egﬁ out the
surface ﬁ,rp?# €5 RbLES atl Ho&rdn @fffising dut fymadhe fidebbl es i n
bet ween E‘ﬁ%‘ﬁ% @?%3?7%6%w@%u¢rﬁ\éér{g%ﬁ(§ 800 inscr isbgd I s enbedded within

t he conposdrée plies as shown in figure 9. Mire particularly, the
non- adhesive filmof prepreg 908 is renoved and the prepreg 908 evened out

by the roller. The non-adhesive filmof prepreg 910 iﬁrem)v.ed ?)nd prepreg
910 i s pl\WitbdetsrenceptooFiggree Br e§oGoEcan A i Aben eortingofRO I5ySYiRd PR er . The

non- adhesnuendridaubodt R G LiRakiRg TeTRIECtoRsIdod bettier fier 706 Wosent pl aced
on top of prepregs 8 and 910 and

910 a T hen evened ofg% S\é t%roll r. The fiber
706 wit h ABabed®O0meyEBRB00sinscibed Qtheqors £04PEBG dkey %)f%ng‘f%@éd on top
of prepre ki SO3. uliBfhgne phask afisk 8l Arfd af24anepReg Béni s
renmoved aﬁg 'ﬁ;%rf%br%e%gtrlgg%m igpl agedrbo_n tops(_)f the fiber 706 and then
evened ou804astshewn i Figure &hdhe GRGa8PRisihpked in an oven at 100°C for 24 hours

to stabilize the FBG’s 800 centre wavelength.

Fiber-reinforced carbon composite material (Fiberdux: 913C-XAS) is used as
embedding material. With reference to Figure 9, each carbon composite prepreg e.g.
900 is sandwiched between two non-adhesive films (not shown). Four pieces e.g.
900 of about 80mmx10mm and two pieces 902, 904 of about 50mmx10mm prepregs
are utilised. A 900pum protective sleeve 906 is used to protect the fiber 706 beyond
the prepreg sheets e.g. 900.

The prepregs e.g. 900 are placed on an aluminum plate (not shown) ply by ply. A
roller (not shown) is used to even out the surface between the plies, to ensure that
there are no tiny air bubbles in between plies. The fiber 706 with the FBG 800
inscribed is embedded within the composite plies as shown in figure 9. More
particularly, the non-adhesive film of prepreg 908 is removed and the prepreg 908
evened out by the roller. The non-adhesive film of prepreg 910 is removed and
prepreg 910 is placed on top of prepreg 908 and then evened out by the roller. The
non-adhesive film of prepreg 902 is removed and the prepreg 902 is placed on top of
prepregs 908 and 910 and then evened out by the roller. The fiber 706 with FBG 800
together with the protective sieeves 906 are placed on top of prepregs 908, 910 and
902. The non-adhesive film of prepreg 904 is removed and the prepreg 904 is



filmof prepregs 912 and 900 are renoved and prepregs 912 and 900 pl aced on
top of prepregs 908, 910, 902, 904 and then evened out by the roller. The
conposi t ewbama@mry7structure 914 i s sandw ched bet ween tPao/Spheic®8008mnot
shown) which are tightened by screws at the sides and mddle. Curing is the
process whereby the prepregs e.g. 900,41t ogether with the grating fiber 706,
are heated at an el evated pressure. The curing tenperature is about 1000C
and the whol e conposite | am nate, structur

i s cured for, about 80 .M nutes.
During cutaGeg,on 0B & dhe Frert {4gerrd “teP(E”‘?chbte%Vt emB*:rreEP%&gn'@qg?S'@OO react
cheni cal |gmwfbRegriss 98 aftbono B fehleres ahe prsppec®l Zand 900l placed sn ltopked
structure. This al so _epabl e 4he {esultincﬂ ﬁ G eEP?lor to withstand a
gr eat er ﬁmﬁreﬁg%@ggqﬁ()&ﬁ? AR thep EYeRT Y c%ﬁﬁ) &4 to an unenbedded
stripped optical fiber. Figure 10 shows a flowhart 1000 illustrating a
met hod of__strain sensing. At step 1002, an optical fiber, hayvi i ber
Bragg gr athengPrasty Paf'TBP (?trf‘ﬁtHFeeé)Wl'?ssaB?"(‘S'W%‘gBe.twﬁ?ng %@aﬁgﬂ?t%@ngpti cal
fi ]Ener IS Gmbth &fé @ hfeﬁedl tﬁltG §@tbWs i duei gigesf and eniddieh Chritg éisdg'raap'romgssperid od in
a first portion of the FB resses and a gratin ri in on
portion O¥NSTRRY HBEEREEHES: %ﬁgp toggthen 8‘%%6[ %’g["ﬁ%@%sﬁgp?%c%ﬁt?@?ﬁ?@rrogat ed
to deter ngo@téd pRasuEE TRE carifd EMaiserhtirdia ol (0°Cfandhike MBGleangasitsul t  of
t he conpression and extension of the I_cp;,rati ng l1;‘)!_I,eri ods i.n thg fhrst Q?nd

3 \a[s} he

second poPRinate FlEdgiwetis grleg: fonakUiR) MinkteseRURGCYINg, fie caBAYHos™

bandwi dt hynk SrebSEuios eéErehy @ @f 900 fedik 'ohbmidany waedtheFhgghigorihy fideosvdo a
flowhart 1100 illustrat|ing a net ho& of fabri ?atbng ari. opl;'é‘,al fi t%er strain
sensor. ARrodues,a figigorossrinkgd sirustugs: IS 3130 epalasLa resifiting e% PEOHF An FBG i s
formed i nyih@aRPhi §Rbtdri Adunt bt pfceBurd 1ifhout Nereiitd, Cedmparberioi an ambedded i n
a packaging structure such that, if the optical fiber is subjected to a

Nt
strain i n@lBedrporsyirped optica! §b8Mg period in a first portion of the FBG
conpresses and a grating period in a second portion of the FBG

extends. CLAIMS 1. A nethod of strajn nsi n onprj sin h f:
Figure 10 shows a flowchart ‘?000 fllustrsa?inala ﬁme‘f~l1orcr1po1J sstlral stensemgs.tﬁtp ssteg

1002, an optical fiber having a fiber Bragg grating (FBG) formed therein is provided.
At step 1004, the optical fiber is subjected to a strain inducing force such that a
grating period in a first portion of the FBG compresses and a grating period in a
second portion of the FBG extends. At step 1006, the FBG is optically interrogated to
determine a measure of a change in bandwidth of the FBG as a result of the
compression and extension of the grating periods in the first and second portion
respectively; whereby the measure of the change in the bandwidth is representative

of the strain induced.

Figure 11 shows a flowchart 1100 illustrating a method of fabricating an optical fiber
strain sensor. At step 1102, an optical fiber is provided. At step 1104, an FBG is
formed in the optical fiber. At step 1108, the optical fiber is embedded in a packaging
structure such that, if the optical fiber is subjected to a strain inducing force, a grating
period in a first portion of the FBG compresses and a grating period in a second

portion of the FBG extends.



provi ding an optical fiber having a fiber Bragg grating (FBG forned
therein; subjecting the optical fiber to a strain inducing force such that
a gratingwvpenico7i’n a first portion of the FBG conpr essesT®edomm/0go0as i ng
period in a second portion of the FBG extends; and optically interrogating
the FBG to determ ne a neasure of a c¢Range in bandw dth of the FBG as a
result of the conpression and extension of the grating periods in the first
and second portion respectively; whereby the neasure of the change in the
bandw dt@LABM8epresentative of the strain induced. 2. The nmethod as cl ai ned
inclaiml, wherein the FBG in a quiescent state, has a uniform period
across the first and second portions. 3. The nethod as clained in clains 1
or 2, wherei nA ieghapsfistraln senbieg compgsibg dwt#ePs @ t he strain i nducing force
such that a grat.in eri.od . E Dj i BfméfiMBidrg unchanged.
4. The met hooPrﬁ’é'd'@gaﬁ%rPeD&%r];'bgrn@a\)é)@eé g?&ﬁéé%grggé%gﬁr%)gl ai ns, conprising
provi di ng an symdotiag tHd duticaltfiver toya atraih indaicingyorse Spgt%‘afétgﬁ%tﬁ‘gtﬂ?%‘éi n and

spaced apart along a ! APSEriodSHR @Ebh@goftion ot i cal
fiber to ;9@ﬁﬁpg{ﬂ?wf%%'@@g?ﬁﬁ%‘éﬁ%?ﬁ%%?%?‘iﬁr&h t hat , fgr each FBG a
grating fperFB@lextands;fandst portion of the FBG conpresses and a grating

period in a second partion. af.theskB ; adn8adid | sfah | ohahBé enr ogat i ng
the FBGs to d& @PﬂX ﬁ@e{ﬁb%lg utrhtg ﬁ?écﬁa%{eegrﬂ?‘% ta)and?/vi dth of thegr.especti ve

FBGs as paridvsdthtofdhe FIRE eompreeslt obiheaprinrzssiers PBA extensinl 9 tag 9RY'"Beri ods i n

the first and.secan re &lvgiy: Wwher eby the neasure of the
changes PF% énﬁjgng\g/j&ag}%hstefgﬁhréﬁ@ggéﬁrgt !va’ of the strains induc&?~l7ﬁ 5. The
g

met hod as cl aivhebythameasure ofthecehangs in thegdandwigiigsy fepresgnialive g a

refl ect ecsitré)IRtlr%a%‘led.pomer fromthe FGB as the neasure for the change in the

2. The method as claimed in claim 1, wherein the FBG, in a quiescent state, has

a uniform period across the first and second portions.

3. The method as claimed in claims 1 or 2, wherein the optical fiber is subjected
to the strain inducing force such that a grating period in a third portion of the FBG

remains unchanged.

4. The method as claimed in any one of the preceding claims, comprising
providing an optical fiber having a plurality of FBGs formed therein and spaced apart
along a length of the optical fiber;

subjecting the optical fiber to a plurality of strain inducing forces such that, for
each FBG, a grating period in a first portion of the FBG compresses and a grating
period in a second portion of the FBG extends; and

optically interrogating the FBGs to determine a measure of changes in
bandwidth of the respective FBGs as a result of the compression and extension of
the grating periods in the first and second portion respectively;

whereby the measure of the changes in the bandwidth is representative of the

strains induced.

5. The method as claimed in any one of claims 1 to 4, comprising measuring a
reflected optical power from the FGB as the measure for the change in the
bandwidth.



bandw dth. 6. An optical fiber strain sensor conprising: an optical fiber;
an FBG forned in the optical fiber; a packaging structure enbeddi ng the
opti cal fwbenosweir7t hat, if the optical fiber is subjecteu/SGaom/8eossi n

i nducing force, a grating period in a first portion of the FBG conpresses
and a grating period in a second port{pn of the FBG extends; and an
interrogation systemcoupled to the optical fiber for optically
interrogating the FBGto determ ne a nmeasure of a change in bandw dth of
the FBG as a result of the conpression and extension of the grating periods

in the first ﬂﬁ@ﬁ@&?ﬁﬂ%s‘ﬂ%fﬁéeﬂgoﬁmﬁﬁbya y, whereby the neasure of the
) ahdw dt [

change i N the dw d I's representative of the strain induced. 7. The
sensor as cl aameptidahfiedrai m 6, wherein the FBG in a quiescent state, has a

uni form peri og, aREOSEMLLR t%géﬁqaamggrgsecond portions. 8. The sensor as
clained in clains 6 or 7, erein the pac,kalgl, ng st r%ctﬁrte enb%fﬁ%etrhe
optical fiber apackegingstruciure epbeding &g orticaltoel sUd|Hpk Ity obly strain
i nduci ng;f Q¢ bi lgOdrd bitg geriar ihiznfirsDportibe oF BE FBGRI ns
unchangel %@%@%%ﬁ%‘?ggﬂﬁm%?gga?g ér{g,ﬁ%n? Iof Ef(I:éja?ms 6 tg 8, wherein
the packaghprgsses anst ageatios pprediba $ecopdpadion of theFRAFKeEdF 3 ure. 10. The
sensor as cl a%ﬁ?ﬁjtefrggﬁioﬂi%&t%m YRl o thBepeedTieet for dpticallyatterrsgatingt ur e
conprises fiber-reinforced carbon conposjte ga}?iﬁl I gzrsqe&%)regs. Lﬁéf The
sensor athecFBE e deteiminea measHre of aFhangraindiandy Bgtﬁ’ﬁ &8s PdRFILY"e
structurg,d é?rﬁﬁ'l%% Gh& ewehéfoﬁ %ﬁﬂ%raﬁﬁbé\ﬁ)dEE&helﬁ}st Fifesecond qrortion ¢l ai med
C

in any one of clainms 6 to 11, wherein e optical fiber has a plurality of
FBGs f or mespectu@ei n and spaced apart along a length of the optical fiber;

and the packagjjapeistthy GidssbreSstiiRslenariR iAmtd Baldwidthes repuedentdime of itfe t he
optical fiber Is subjected to a plurality of strain inducing forces, for

each FBGstraigriaduycgd- periodin a first portion of the FBG conpresses and a
grating period in a second portion of

7. The sensor as claimed in claim 6, wherein the FBG, in a quiescent state, has

a uniform period across the first and second portions.

8. The sensor as claimed in claims 6 or 7, wherein the packaging structure
embeds the optical fiber such that, if the optical fiber is subjected to the strain

inducing force, a grating period in a third portion of the FBG remains unchanged.

9. The sensor as claimed in any one of claims 6 to 8, wherein the packaging

structure comprises a composite laminate structure.

10.  The sensor as claimed in claim 9, wherein the composite laminate structure

comprises fiber-reinforced carbon composite material prepregs.

11. The sensor as claimed in claims 9 or 10, wherein the composite laminate

structure is asymmetric with respect to the FBG.

12. The sensor as claimed in any one of claims 6 to 11, wherein the optical fiber
has a plurality of FBGs formed therein and spaced apart along a length of the optical
fiber; and the packaging structure embeds the optical fiber such that, if the optical
fiber is subjected to a plurality of strain inducing forces, for each FBG a grating period



the FBG extends; and the interrogating systemoptically interrogates the
FBGs to determ ne a neasure of changes in bandwi dth of the respective FBGs
as a reswo 20f¢/whmE7conpressi on and extension of the grarCm$Gpemiooessi n the
first and second portion respectively; whereby the neasure of the changes
in the bandwidth is representative of{fhe strains induced. 13. The sensor
as clainmed in any one of clains 6 to 12, further conprising a photo

detector for measuring a reflected optical power fromthe EBG. as th
measur e inoa fitshpotinaeféhe NBE eMPsRRERE 3N 2 grgﬁngg\pﬁ@[ g %?COPQ@PFE’&‘?%S an

opti cal He%%%&treﬁ?é‘, angnsor, the method conprising the steps of: providing
an optical fiber, Tormng an FBG formed in the tical fiber: enbedding the
optical fi ber theninderraaing sygtest rQE’EP@JWe‘”ﬁEEﬂQafE}?aﬂE’ F%%\Shg’ 85Eqr@516 fiber is
subj ecte Ce:agufé 8t TcRhRydsn U BhAGWBEer %ﬂth@_rﬁ!‘fédﬁ?@ FBGS ad anredult i ofsthepor ti on
of the FBG conpresses and a grating period in ?hs cond portion qf the FBG
ext ends. caBpreshien randhexfersion: Phffifearating qredpds 1 thg ﬁ@?ﬁ@g TERY ipgﬁﬁ)a coupl i ng
an int ergéﬁ%w\%@;syst emto the optical fiber for optically interrogating

t he FBG eterm ne a neasure of a change in bandw dth of , the G
result of the“@@\’ﬁhﬁ'@%mﬁs@ﬁd’fﬁ}@tmg%"n'“ghepﬂ%g"ﬂa I3 FRProsantals OF St ﬁz ? i rst

and secoRg. notdde8qr espectivel y; whereby the measure of the change in the
bandwi dt h ' I's representative of the strain induced. 16. The nethod as
claimed in clainms 14 or 15, wherein the FBG in a quiescent state, has a

i e L a B B B e Pchadl g oLt et Ur &

s 0 16, wherein_t i t ruct
embeds t m@o@;ﬁ/at@@or for mepswingr teflagted opticah BOWRL fir%'aﬁhﬁp F%?a%: tﬁgé‘ﬁeoﬁrsg'gc:et g(rjet 0
the for the change in the bandwidth.

14. A method of fabricating an optical fiber strain sensor, the method comprising
the steps of:

providing an optical fiber;

forming an FBG formed in the optical fiber;

embedding the optical fiber in a packaging structure such that, if the optical
fiber is subjected to a strain inducing force, a grating period in a first portion of the
FBG compresses and a grating period in a second portion of the FBG extends.

15. The method as claimed in claim 14, further comprising coupling an
interrogation system to the optical fiber for optically interrogating the FBG to
determine a measure of a change in bandwidth of the FBG as a result of the
compression and extension of the grating periods in the first and second portion
respectively; whereby the measure of the change in the bandwidth is representative

of the strain induced.

16.  The method as claimed in claims 14 or 15, wherein the FBG, in a quiescent

state, has a uniform period across the first and second portions.

17.  The method as claimed in any one of claims 14 to 16, wherein the packaging
structure embeds the optical fiber such that, if the optical fiber is subjected to the
strain inducing force, a grating period in a third portion of the FBG remains

unchanged.



strain inducing force, a grating period in a third portion of the FBG
remai ns unchanged. 18. The nethod as clainmed in any one of clains 14 to 17,
wher ei n tWe 2paciozzyrng structure conpri ses a conposite | agTrsa2ecHDI08Et ur e.
19. The method as clained in claim18, wherein the conposite |am nate
structure conprises fiber-reinforced garbon conposite material prepregs.

20. The nethod as clained in clains 18 or 19, wherein the conposite

| am nate structure is asymetric with respect to the FBG 21. The nethod as
claimed in any one of clains 14 to 20, conprising formng a plurality of

FBGs in tfze Opfy gﬁétht)h%rc_laaﬂgd fPaREsheesradldimal1ang 1d, Waaeirhthefpatkeyirapt i cal
fiber; an enbec? Ing portions_of the oFtl cal fiber in respective packagi ng
r
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1. The method as claimed in any one of claims 14 to 20, comprising forming a

plurality of FBGs in the optical fiber and spaced apart along a length of the optical
fiber: and embedding portions of the optical fiber in respective packaging structures
such that, if the optical fiber is subjected to a plurality of strain inducing forces, for
each FBG a grating period in a first portion of the FBG compresses and a grating

period in a second portion of the FBG extends.

22. The method as claimed in any one of claim 21, wherein the interrogating
system optically interrogates the FBGs to determine a measure of changes in
bandwidth of the respective FBGs as a result of the compression and extension of
the grating periods in the first and second portion respectively; whereby the measure
of the changes in the bandwidth is representative of the strains induced.

23. The method as claimed in any one of claims 14 to 22, wherein the
interrogation system comprises a photo detector for measuring a reflected optical
power from the FBG as the measure for the change in the bandwidth.



