WO 2006/107278 PCT/SG2006/000086 1 Fiber Bragg Grating Sensor FIELD OF THE INVENTION
The present invention relates broadly to an optical fiber strain sensor, a method of fabricating the
same, and a method of sensing strain. BACKGROUND Many techniqgues to discriminate the effects
between strali@pghdanmiperature in fiber Bragg grating (FBG) sensors havedieeméepanied, which
include schemes using a tilted fiber Bragg gratingtdemodulator [Sung Chul Kang, Se Yoon Kim etl,
"Temperature-independent strain sensor system using a tilted fiber Bragg grating demodulator," IEEE

Photon. Technol. Lett., vol. 10, Ngé%,%%]@?&ﬁnﬁu§ rﬂg%ciﬂsed gratings [M. G. Xu, J. L.
akin;™ ™ inatl e

Archambault, L. Reekie, and J. P. rimina ween strain and temperature effects
using dual-wavelength fiber grating sensors," Electron. Lett., vol. 30, no. 13, pp. 1085-1087, 1994], a
chirped Bragg grating [M. G. Xu, L. Dong, L. Reekie, J. A. Tucknott, and J. L. Cruz,
"Temperature-independent strain sensor using a chirped Bragg grating in a tapered optical fiber,"
Electron. Lett., vol. 31, no. 10, pp. 823-825, 1995] and a long period grating [V. Bhatia, D. Campbell,
R. O. Claus FgradpAod TYangsetkfcynultaneous  strain and temperature measurement with
long-period gratings,” Opt. Lett., vol. 22, no. 9, pp. 648-650, 1997], etc. Among existing schemes, a
dual head sensor is one of the most effective schemes due to its compact size and good performance
[S. W. JameBavwpresddbiikmstjomredaRs BrodijamatiSiploiditer s drdepend enttgogerfature and strain

measuremepinusingdindRemBragy JratiRgSeeisngElegiion. Lett., vol. 32, no. 12, pp. 1133-1134,
1996] [M. Song, S. B. Lee, S. S. Choi, and B. Lee, "Simultaneous measurement of temperature and

strain using two fiber Bragg gratings embedded in a glass tube,” Opt. Fiber Technoi., vol. 3, no. 2, pp.
194-196, 198 KHEREMNEhose known techniques are more research-based, and none of those
techniques provide proper packaging methods that can cater for real applications. Although the

techniques MsiomARRIR Aicdanlans v SrdeRboRibEH QtrhirReRkE 8B ishambault,

Bragg grating (FBG) sensors have been reported, which include schemes using a
tilted fiber Bragg graiing demoduiator {Sung Chul Kang, Se Yoon Kim etl,
“Temperature-independent strain sensor system using a tilted fiber Bragg grating
demodulator,” /EEE Phofon. Technol. Lett, vol. 10, No 10, October 1998},
superimposed gratings [M. G. Xy, J. L. Archambault, L. Reekie, and J. P. Dakin,
“Discrimination between strain and temperature effects using dual-wavelength fiber
grating sensors,” Electron. Lett., vol. 30, no. 13, pp. 10851087, 1994], a chirped
Bragg grating [M. G. Xu, L. Dong, L. Reekie, J. A. Tucknott, and J. L. Cruz,
“Temperature-independent strain sensor using a chirped Bragg grating in a tépared
optical fiber,” Electron. Leif., vol. 31, no. 10, pp. 823-825, 1995] and a long period
grating [V. Bhatia, D. Campbell, R. O. Claus, and A. M. Vengsarkar, “Simultaneous
strain and temperature measurement with tong-period graiings," Opt. Laft., vol. 22,
no. 8, pp. 648-850, 1997), eic.

Ameng existing schemes, a dual head sensor is ong of the most éﬁeciive schemes
due to its compact size and good performance [S. W. James, M. L. Dockney, and R.
P. Tatam, “Simultaneous independent temperature and strain measurement using in-
fiber Bragg grating sensors,” Electron. Lett., vol. 32, no. 12, pp. 1133~1134, 1996]
[M. Song, S. B. Lee, 8. 8. Choi, and B. Lee, “Simultanecus measurement of
terperature and strain using two fiber Bragg gratings embedded in a glass fube,”
Opt. Fiber Technof., vol. 3, no. 2, pp. 194-186, 1897]. However, those known
techniques are more research-based, and none of those techniques provide proper
packaging methods that can cater for reat applications. Although the techniques
using an FBG [D. A. Jackson, A. B. Lobo Ribeiro, L. Reekie, and J. L. Archambault,



WO 2006/107278 PCT/SG2006/000086 2 "Simple multiplexing scheme for a fiber-optic grating sensor
network," Opt. Lett., vol. 18, no. 14, pp. 1192-1194, 1993] or a fiber Fabry-Perot wavelength filter [A.
D. Kersey, T. A. Berkoff, and W. W. Morey, "Multiplexed fiber Bragg grating strain- sensor system with
a fiber Fabry¥erdttiaveidngth filter,” Opt. Lett., vol. 18, no. 16, pp. 1370PX37SGW998)485a
demodulator have shown good results, they need# complete temperature-isolation of the
demodulating FBG or a sophisticated calibration in fabricating the filter, respectively. Various methods
have been d@wsgd foulGghiendrghemperatuiibandepegdans e dasshecwavetensthsgf FBGs. These

methods inchsiegctye sysiams alutizsfepdbaglc o monior and dynamically cantgolcertai

parameters |ve§ vices that utilizé the thermal characteristics 0 uctures to
modify the r 55% e EEE %%n&h“@%ﬂ@%ﬁ o8 SR Srroacesie Ao desirable
since they aﬁ@ﬁﬁ@‘cwsﬁmp'léh anftbeiorpovwePsmingevaithgid dtergeDeralbtmaitesancerfree. The

wavelength g amﬁ@ﬁssﬂetgéﬁ]l%déoné%asfé&ﬁ“ﬂsv@%%m (?Sa%bﬁers (I}TJQ they RE! %d of the grating,

both of which chetn[ge with tem erat re. Slnicet e refractlve index Is hard to contro Ca%asswe
temperature COMpENsSHOIT lE?evf?:ésso Bﬂlér D e PRI BBRGoflAG 1195 dlorrqRABHAARE temperature of
the optical fibRPEivainiteg 19%@3‘@ fithe mﬁﬁ'@iwslﬂsually accomplished by embedding the fiber
containing the FBG into a mechanical structure, which is designed to release tension applied to the

foer wih, nGieRSPRIGIRSIANS. G,V XOIIE AL S YAl Poler , Kiug, £, Quellete, and DA

Thorncraft, "Passive tergg)era ure-compensating packa

Vol.34, No. 3BVRPestistse BSosThaseprsiiordedintivds sivtvasivaierattiel sbinp éerstittnly sackage for an
optical fiber gratitog aiv wiemite g eatig! ise et pieshuisiel tRRSHRBINARIRIRLUMRESING two

meterils (sl e ATPHDR I SIETE TR eapanslop eesfients (TEC). A

the temperature rises, the strain is progressively com ensa mperature
dependencd BV AR Pa@é%é%ﬂﬁtﬁ%&%ﬁ\f@é‘ﬁ@ﬂ?%m%? @@Bﬁﬁ}@s‘mﬁ&*%ﬁ%@éﬁfd%t the overall
structure reginm@isprseision-made conupoments astdl isre generally maintenance-free. The

wavelength of an FBG is determined by the refractive index of the fiber and the
period of the grating, both of which change with temperature. Since the refractive
index is hard to confrol, passive temperature compensation devices generally
operate by controlling the elongation with temperature of the optical fiber containing
the FBG.

The control is usually accompiished by embedding the fiber containing the FBG into
a mechanical structure, which is designed to release tension applied to the fiber with
increasing temperature. G.W. Yoffs et al [G.W. Yoffe, Peter A. Krug, F.Ouellette, and
D.A. Thorncrait, “Passive temperature-compensating package for optical fiber
grating,” Applied Optics, Vol.34, No.30, 20 October 1995] has proposed a passive
temperature-compensating package for an optical fiber grating, in which the grating is
mounted under tension in a package comprising two materials (a silica tube and an
aluminum tube) with different thermal-expansion coefficients (TEC). As the
temperaiure rises, the sfrain is progressively released, compensating the
temperaiure dependence of the Bragg wavelength. A wavelength shift of 0.7 pmi/eC
was achieved, but the overall structure requires precision-made components and is
compiicated to assembie. Another complicated design based on a similar principle to
offer temperature compensation over a wider temperature range has been patented
by Lin et al., "“Temperature-compensating device with tunable mechanism for optical
fiber gratings,” (U.S. Patent No. 6,374,015, 2002).



complicated to assemble. Another complicated design based on a similar principle to offer
temperature compensation over a wider temperature range has been patented by Lin et al.,
"Temperature-compensating device with tunable mechanism for optical fiber gratings,” (U.S. Patent
No. 6,374,015, 2002). J In contrast to the electrical strain sensors, optical fiber sensors have many
advantages from the viewpoint of the principle sych as small size and robustness, immunity to EMI
and RFI (Radio Frequency Interference), inherent safety (explosion- proof) and accuracy. However,
there rema]iigl '[é’]oe ?Q(%V? ngﬁntioine i erItems to be overcomle ﬁ% the deveIoE%ment of optical fiber
sensors. A Nedd therefore Sxitteto sro%lﬁaé”aﬁec?ﬁﬁc{:sal RBEF U RST FRISSERKAAS aHdlSss at least one
of the abo\AslYABIRGGRSHPrdifteriewrSVIIAR Yrinsialecerahmsesimigh a4k araspanistasie present
invention thefeuistproddedaimretneddef sieaicensingreempsine:tbe: seps el previing an optical
fiber havin first fiber, Br ' n econd. EBG formed therein; subjecting the
optical fibe%rtgbgf@%%%%%%ﬁ%&%%%%%ﬁﬁ%@%gg%%é\r?ﬁnﬁﬁ%n% OS?% t({:)&%%nscéom%eresses and a
grating perfy@trPiie 'gé%ﬁ&‘ﬁ%@r@%ﬁﬁg?ﬁ?ﬂi BEaRFAfRerrogating the first and second FBG to

determine peak reflection wavelengths of the first and second FBGs respectively; wherein the first and

second FERR-yanguigseanialate o hans difarapLowaiagRetods [ @rouiding gn inltial

separation of the peak reflection wavelengths of the first and second FBGs, w y a separation
between tHEFFEARTSHEGIBRWEVBRINGHRE S 9RISMSt and second FBGS is representative of the strain
induced. The optical fiber may be embedded in a packaging structure such that the first and second
FGBs are @é@ﬂﬁﬁ%’” opposite sides of a strain neutral layer of the packaging structure. The
packaging structure may have substantially an arc-shape, and the strain inducing force is applied
substantially at an apex of the arc-shaped packaging structure. The method may comprise providing
an optical fivetdavingavittralitsioddpais of tinstpresent invention there is provided a method

of strain sensing comprising the steps of providing an optical fiber having at least a
first fiber Bragg grating (FBG) and a second FBG formed therein; subjecting the
optical fiber to a strain inducing force such that a grating period in the first FBG
compresses and a graiing period in the second FBG extends; and optically
interrogating the first and second FBG to determine peak reflection waveiengths of

- the first and second FBGs respectively, wherein the first and second FBGs, in a
guiescent state, may have different grating periods for providing an initial separation
of the peak reflection wavelengths of the first and second FBGs, whereby a
separation between the peak refieciion waveiengths of the first and second FBGs is
reprasentative of the strain induced.

The optical fiber may be embedded in a packaging structure such that the first and
second FGBs are disposed on opposiie sides of a strain neutral layer of the
packaging structure.

The packaging structure may have substantially an arc-shape, and the strain
inducing force is applied substantially at an apex of the arc-shaped packaging
structure,

The method may comprise providing an optical fiber having a piurality of pair of first
and second FBGs formed therein and spaced apart along a length of the optical fiber;



and second FBGs formed therein and spaced apart along a length of the optical fiber; 4 subjecting the
optical fiber to a plurality of strain inducing forces such that, for each pair of first and second FBGs,
grating periods in the first FBG compresses and a grating period in the second FBG extends; and
optically interrogating the respective pairs of first and second FBGs to determine peak reflection
wavelengths of the first and second FBGs respegtively; whereby separations between the peak
reflection wavelengths of the first and second FBGs respectively for respective pairs of first and
second FBGs are representatjve of the respective strains induced. In accordance with a second
aspect of tﬁéﬁﬁ? e@%?ﬁﬁ\%ﬁ'ﬁgt]f 8 B%i%affﬁragbﬁ@é'ﬁ%%%ﬁ%@hgﬁwaﬁﬁﬁ%’ing an optical
fiber; at leag®ia $irStfindBeograity (FBB) avdaisatdmnd FBG REmechinedseoptidad fiber; a
packaging gtadetipRrisabaddinscin pRisalieisurh thatiithaertisalifibardssiigried to a strain
inducing for%‘?rg%ﬁﬁ%t{%QEQ@&Q#B&%%c'j: e(? compresse apd a rat]itnrgH eriod.in f,the second FBG
extends; afd an Interrogation system for opeuca y interroga ?ncg“%ﬂe PIRU S ESIEBGs to

determine BEBICPSABETDRGFARSRITHIRVOMAR Byt SaRar distenactBEs thepaalvefiediarein the first and
second FB@Gsyérmytisiestentistaied saenbaendifterentigsating pesatsdpapsridiacaa initial
separation of theupek elleciionwayeleng Srgéégﬁiv%ttraaﬂgﬁ%?@c%%FBGs , whereby a separation

between the peak reflection wavelengths of the first-and secon s is representative of the strain
induced. The optical fiber may be embedded in the packaging structure such that the first and second
FBGs are disposwdanmapiidsitesides abpestrafithmepteaklztyierafite tipaekagingysisdcture. The

packaging shiLiB4Pay 41A\ ALBISEIMIGI AN A Gafianiard e straingindycingsfaree is applied
substantlalla/ra %nan EE?&T é)nf he aerc-shaﬁ%%i ﬁ?ck%%lqn%ﬁstrug%irﬁ. The r%%(_[:kag';mg structure may
comprise a“com (‘SSI &’ lammats §f?ﬁ%t e THE'Eomp SifPIGRINRTS SRREREHR LS HSrise
fiber-reinfoRteeEgdindihcommyesitEbenatermltpab prévs optical fiber is subjected to a strain

inducing force, a grating period in the first FBS compresses and a grating period in

the second FBG extends; and an interrogation system for optically interrogating the

first and second FBGs to determine peak reflection wavelengths of the first and

second FBGs respectivaly, wherein the first and second FBGs, in a guiescent state,

may have different grating periods for providing an initial separation of the peak

reflection waveiengths of the first and second FBGs, whereby a separation between

the peak reflection wavelengths of the first and second FBGs is representative of the

strain induced.

The optical fiber may be embedded in the packaging structure such that the first and
second FBGs are disposed on opposite sides of a strain neutral layer of the
packaging structure.

The packaging structure may have substantially an arc-shape, and the strain
inducing force is applied substantially at an apex of the arc-shaped packaging
structure,

The packaging structure may comprise a composite laminate structure.

The composite laminate structure may comprise fiber-reinforced carbon composite
material prepregs.



The first and second FBGs may be aligned with each other within the composite structure, and the
composite laminate structure is symmetric with respect to the FBGs. The optical fiber may have a
plurality of pair of first and second FBGs formed therein and spaced apart along a length of the optical
fiber; the packaging structure embeds the pairs of first and second FBGs such that, if the optical fiber
is subjected to a plurality of strain inducing force; for each pair of first and second FBGs, grating
periods in the first FBG compresses and a grating period in the second FBG extends; and the

interrogati \/ ically i s .the r ctive pairs of first.and, second FBGs to determine
peak reflec(:)'?a% ﬁv@%ﬁéﬁg%(?éxc?:‘qt!rge&%i%g;’n_g%%g%i%?ﬂﬂt S:JJ ar%ﬁsf)%hc fygl)%lr\}vﬁheerég&r/n ng)%erations between
the peak retlE{GIBIFwRVE IBATATIBREHR 'APepaifusiBicHiE sBRyareepeciByera@dse®tve pairs of first
and secondrB8&s are representative of the respective strains induced. 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 at least a first fiber Bragg
grating (FSEE'F acgpgg%ro'ﬁay EfrP{W@Ik%ﬂi:ﬁ?'ﬁ6’@@%%%?3%@%%%@@&%%@@65, ina

quiescent statepasay hzae aliffigrenengiatiolgseridiie filpgr dvidiagkagingitéusepamtioedef the peak
reflection wayelangtbrsieditardissi-and seeans BB Ga: amheddingthpanticalfibesdng packaging
structure su uhrgsat,op‘é rgiggrt}lggéigb s s O4_egt(-:'c toaggr in mrg'jclfjcg\%f%;%%%gratl@g period in the
first FBG cgmpre ses and a gratlr% period’in “the $&Cond Eﬁ@ ExENaSeThe et %ay further
comprise ceRfffyaiest DB EyaseRs ethe Bplicardissrifihepesang TRerwEesy the first and
second FB&sitthdetesmipaipeaksefiecligitalyaveleogihs ahthe:irstband seeopdird Gsgespectively,

e I B B e o

representative of the strain induced. The oEtlca fiber may be em ed in"the packaging structure

such that thRSRRSHMR WEEGRY BeBEarey 8 81F R5FhsiEEeTtRR WRekrgRneliths layer of the
packaging ®tustdrecti® FEO8/ ISTREB/PCTISERROH/OMRO86G! first and second FBGs are

represeniative of the respective strains induced.

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; formiﬁg at least a first fiber Bragg grating (FBG) and &
second FBGs in the optical fiber, wherein the first and second FBGs, in a guiescent
state, may have different grating periods for providing an initiai separation of the
peak reflection wavelengihs of the first and second FBGs, 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 the first FBG compresses and a grating period in
the second FBG extends.

The method may further comprise coupling an interrogation system to the optical
iiber for optically interrogating the first and second FBGs to determine peak refiection
wavelengths of the first and second FBGs respectively; whereby a separation
between the peak reflection wavelengths of the first and second FBGs is
representative of the strain induced.

The optical fiber may be embedded in the packaging structure such that the first and
second FGBs are dispesed on opposite sides of a strain neutral layer of the
packaging structure.



6 The packaging structure may have substantially an arc-shape, and the strain inducing force is
applied substantially at an apex of the arc-shaped packaging structure. The packaging structure may
comprise a composite laminate structure. The composite laminate structure may comprise
fiber-reinforc®@caxlsGn7eéemposite material prepregs. The FBGs may be atignsdwithoeash other within
the composite structure, and the composite laminéte structure is symmetric with respect to the FBGs.
The method may comprise forming a plurality of pair of first and second FBGs in the optical fiber and

spaced apartaéonacigngtsehihecopiinal fikes; andemBedding dheqhaits offirshand sgeond FBGs in

the packagi t uch that, if th tical fiber is subjected to a plurality of strain inducing force,
for each pairr]% |r{é§§r%}?ﬂc§e%oﬁpa]%éég, %}r%lﬁ%ypgri@gs it éf#ﬁe‘:’fir E‘Féré2 %J?)"‘I"R?J?egg‘é'%a%’a a grating
period in theS¥&EBIE FBG extends. The interrogation system may optically interrogate the respective

pairs of first and second FBGs to determine peak reflection wavelengths of the first and second FBGs

respectivelyw@&g%w&;e%pg@g\%ﬁ r@g gdggéﬁég()gélg%ionnvg%v%%g%gs of the first and second

FBGs respectively for respective pairs of first an sare representative of the respective
strains induced. BRIEF DESCRIPTION OF DRAWINGS Figure 1 shows a schematic diagram of an
embedding Sthectorerobiin lepiicat fiberisensaymodiggsd e drinrschamaticsrssspgctional view of
an optical fipgrdafusaghig e sensor module of Figure 1. Figure 3 is a schematic cross sectional view
of a phase mask exposure technique for forming gratings in the optical fiber of Figure 2. WO
2006/107278 PCT/S132606/000086 7 Figure 4 is a schematic cross sectional view of the optical fiber
of Figure 2 affter ABfrAimptHes gitsthegswith each other within the composite structure, and the

composite laminate structure is symmetric with respect o the FBGs.

The mathod may comprise forming a plurality of pair of first and second FBGs in the
optical fiber and spaced apart along a length of the optical fiber: and embedding the
pairs of first and second FBGs in the packaging struciure such that, if the optical fiber
is subjected to a plurality of strain inducing foree, for each pair of first and second
FBGs, grating periods in the first FBG compresses and a grating period in the second
FBG extends. |

The interrogation system may optically interrogate the respective pairs of first and
second FBGs to determine peak reflection wavelengths of the first and second FBGs
respectively; whereby separations between the peak reflection wavelengths of the
first and second FBGs respectively for respective pairs of first and second FBGs are
representative of the respective sirains induced.

BRIEF DESCRIPTION OF DRAWINGS

Figure 1 shows a schematic diagram of an embedding structure of an optical fiber
sansor module,

Figure 2 is a schematic cross sectional view of an optical fiber for used in the sensor
module of Figure 1.

Figure 3 is a schematic cross sectional view of a phase mask exposure technigue for
forming gratings in the optical fiber of Figure 2.



Figure 5 shows a schematic diagram of an FBG fabrication platform for writing the gratings into the
optical fiber of Figure 2, Figure 6 is a schematic exploded perspective view of the sensor module of
Figure 1. Figures 7 a) and b) are schematic drawings of a multi-sensor arrangements. Figure 8 is a
schematic exXysloded/pérspective view illustrating fabrication of a sensor muatiuies2RigooesSsshows a
schematic diagram of a reflection spectrum measurement set-up. Figure 10 is a graph showing
wavelength shifts and displacement as a function of bending force for the sensor module of Figure 1.
Figure 11 shows a graph of peak wavelength separation as a function of pressure for the sensor

module of Fifg 1 for dif tt eratures. Figure 12 shows a floychart {llustrating a method of
strain sensingg[lgegﬁrqegl rfg’é%aﬂ?@%)é"r S §3ﬁﬁgvéer‘%ecff1§)(? O?Ffté%ar’ig%ﬁﬁgo f;\ ’%‘ﬂﬁc I r strain
sensor. DETAMES PESERESTION An optical fiber sensor module is described in which FBGs are

made using normal single mode fiber (SMF), and only one low-cost material (such as fiber-reinforced

composite) ig 56 i B SAURBRPACARIng: AN AEesShRRed SMENEal, SR vith a pair of
FBGs embedded within make the sensor module very simple, compact, fobust ANtIOW cost.

Furthermore BB eelife! fbstRIddN T idgh sensitivity, repeatability and accuracy to the applied
pressure/load/displacement. The WO 2006/1117278 PCT/SG2006/000086 8 sensor module also

provides desiga,eyiblReranse AN ARELASNSITGL RS 30,1 Iyl qccording (o

actual requirements. The sensor module is applicable for the usage in practical Sensor networks and
smart structures. With reference to Figure 1, a standard telecommunication grade single-mode optical
fiber 100 withigHES0- miavehbaerylatbasvatindr§1TiusT «Ge05)isarsed donfgdGefabrication. The fiber 100
is hydrogen loaded to increase the photosensitivity. The sensor module 102 consists of a pair of

FBGs 104, 106. Priar to assembly of the .sensor module 102 the acrylate coating of two short sections
(about 10_2%9%%9) %fs D SRERIER eRpiotied Perspecive \Lrllewltﬁustra%ng PYiscation of 3 sensor

module.
Figure @ shows a schematic diagram of a reflection spectrum measurement set-up.

Figure 10 is a graph showing wavelength shifts and displacement as a function of
bending force for the sensor module of Figure 1.

Figure 11 shows a graph of peak wavelength separation as a function of pressure for
the sensor module of Figure 1 for different temperatures.

Figure 12 shows a fiowchart ilustrating & method of strain sensing.

Figure 13 is a flowchart illustrating a method of fabricating an optical fiber strain
sensor.

DETAILED DESCRIPTION

An optical fiber sensor module is described in which FBGs are made using normal
single mode fiber (SMF), and only one low-cost material (such as fiber-reinforced
composite) is required for the sensor packaging. An arc-shaped symmetrical
struciure with a pair of FBGs embedded within make the sensor module very simple,
compact, robust and low cost. Furthermore, the sensor module provides a high
sensitivity, repeatability and accuracy fo the applied pressure/load/displacement. The



the fiber 100 are mechanically stripped off at pre-defined positions, and the two FBGs 104, 106 are
written into the stripped sections using a standard phase mask exposure technique. The same phase
mask is used to inscribe the two FBGs 104, 106. Grating 106 is written when the stripped section is
unstrained, THE ath&tt&ffpped section is pre-tensioned to 180 micro-strai®drrGepexEossre so that the
grating 104 can have a blue shift of about 0.2 nm &fter the tension is released. Blackmann-Harris
apodisation is applied during grating writing to further improve the Gaussian profile of the reflection
Slolectlrurr;I arxémmeﬂ@mﬂaiéermati@esoaéd;ﬁtﬁrI?]@ﬁmitﬁt;%@eemﬁiﬂﬂe%s&i@@i%ﬁiﬁ)%h& rt':m long and
is located a center. of th [ rea, The number.of FBGs along a single gptical fiber may vary
and may betrgg,\%r%egh, %%0\{/%%5 E{h%@i%%é %vé?/e?é:%ugétihrg BCatGh of e?zégh%gﬁ 's s?@epé?r does not

overlap withAPRIEBP o0 eSS BrEarsal s anse Rk OPRE AREIS isBIes on the sensitivity and
the sensing range required by a particular application. The number is also dependent by the

bandwidth the.l ' , r. EBG fabrication, the optical fiber
10015 put i e (b S e By e e e e

composite-I3AFh A L sRapRUTISEN BRI atREiioB ) $an B ARt dBle 38, faihf@comprises of
the two FBGabtiodjcr06 hitfiken hitias pedkcneay eledgihto saparatiohelmbaisdRvty. isieoupled to an

FBG interrogalion sysiem A98.Jeier EBGS 404406 qre ambasiied symmeyicalyjp a packaging

structure in the form of? [@i@%ced composite laminate 110, and run parallel to the reinforced fibers
0

of the compsars. FRE'E A LA P RR IS WA OTERY tREE BRSHE8AN A58 &litral layer 112,
and FBG 106anitrethOlb e riradianicaliy| stripperd offhbéddeddsizledy theitiomytraldayer 2. When there

is a pressurefoadidisplacemefkikdd ARPIRS SRithe MELRONOIERAS B LS GRARGIOAQ086 9 sensor

module 102 FB&@%&% un 06 increases, which results in

a red shift o?)t(ﬁ?a re ecteaigpgséﬁjgr?ag?qﬁﬁg%ggr%%q t‘??eﬁ%oga?ﬁg}ﬁ%eﬂ EREC 1048 ﬁj%ler compression

and the gratif§ p&figler EBGs paitigacrbaschsvrithncsusesiarbiaa shifeiobthe Tofiectort spectrum of

the FBG 104tripsea sestidh teepheacpsiokatane By theineyaid it frosxeach-otemyitinthe applied
grating 104 can have a blue shift of about 0.2 nm after the tension is released.
Blackmann-Harris apodisation is applied during grating writing to further improve the

Gaussian profile of the reflection spectrum and suppress the formation of side-lobes.

Each grating 104, 106 is about 5-10 mm long and is located at the center of the
stripped area. The number of FBGs along a single optical fiber may vary and may be
over ten, provided the initial wavelength allocation of each FBG sensor pair does not
overtap with that of the adjacent sensor pair. The number of sensors depends on the
sensitivity and the sensing range required by a pariicuiar application. The number is
also dependent by the bandwidth and the power budget of the interrogation system.

After FBG fabrication, the optical fiber 100 is put into oven for annealing (100°C for
24 nours) to stabilize the Bragg wavelength.

The composite-laminated arc-shaped fiber Bragg grating (FBG) sensor module 102,
which comprises of the two FBGs 104, 106 with an initial peak-wavelength-
separation of about 0.2nm, is coupled 1o an FBG interrogation system 108. The two
FBGs 104, 106 are embedded symmetrically in a packaging structure in the form of a
reinforced composite laminate 110, and run parallel to the reinforced fibers of the
composite. FBG 104 with the shorier peak wavelength is embedded above a neutral
layer 112, and FBG 106 with the longer peak wavelength is embedded beiow the
neutral layer 112, When there is a pressureficad/displacement 114 applied 1o the



pressure/load/displacement 114 in a linear manner. It is noted that the above described behavior is not
dependent on the arc-shape of the sensor module. A similar behavior can also be achieved with other
shapes, including 3-point bending or 4-poin bending structured composite laminates. However, due to
the symmetri¥/ gasiwoitigéof the FBG pair, both FBG 104 and 106 move lireafgiewasdstihe same
direction at a same rate when their surrounding témperature varies, Therefore, by subtracting the two
peak-wavelengths, the component of temperature-induced wavelength shifts can be simply removed,

thLIJsb an accewa&ermmwemaqﬁg@M%ﬁgﬁ@méﬁwﬂgrpﬁﬁubﬁ@@%ﬂn@%@r&%hF‘B@*?o%XpsggeTgL
calibration o t the sensor module 1 sts of two S
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components hﬁléat‘@ﬁB@%tﬁ%e?f?—fbﬂ%Pﬂﬁ*@"s@?@@?%@'?’béﬁ%@%@f&i@mp@ﬁ@ét@‘cfﬁi&hh’lﬁ& a need of any

active tempeiatuzseontichessmseshe bigmypar atufe- isgledien smashanisnhel PESansitiviy and sensing
range can b?eaﬂiu%%dt% SRIBEU0L, O 4 E%ﬁ}ﬂ&%ﬁ%%@é%ﬂi Lerial yith respegtive Youngs modulus,
as changing t

or manipulating the pac aging structure suc RICKNess {OF nUMBEr of ayers), or the
size or the FIBTGEBAORE/drP'arRpaY (Liiliadneen “Fﬁriﬁ%rfollowmg a fabrication process for the sensor
102 will be described in detail. The single-mode photosensitive fiber 100 can e.g. be a Boron-doped

or a Germapidlapehora Bosop-Beimanivar soapedonlsal e, The Rholgsgasijve fioer 100

can also be {eallsed by a h dro%en Ioadlleﬁgpmethod e.g. to place a normal Telecommunication grade

single-mode SpicarFb &I SEORRCRHRERNISRD A5RiRG @FlieTee . BED) 9ie" ShgeRsgen tank with a
specified présduiagesgordbpadinantdeeipdaitting @rycio o) donpoiie idmysafesg. one week) , which
can increase the photosensitivity of the fiber. WO 2006/107278 PCTISGZOOG/OOOOSG 10 With

reference to 2 th Iate coa 1 of tw ectlo % 202 é about 10-20 mm or any
desired len '—E Gf] 8 % rrgnrqr?ec %%?ga S Eg BehdOhs.

move imeariy towards the same daracﬁon at a same rate when thezr surrounding
temperature varies, Therefore, by subfracling the two peak-wavelengths, the
component of temperature-induced wavelength shifts can be simply removed, thus
an accurate pressurefioad/displacement reading can be easily obtained through
experimental calibration on the module 102,

Due to the fact that the sensor module 102 consists of two FBGs 104, 106 and an
elastic material, here in the form of composite taminate 110, which are purely passive
components, the temperaturs effect of the sensor 102 can be self-compensaied
without a need of any active temperature controller or other temperature-isolation
mechanism. The sensitivity and sensing range can be adjusted by selection of
different packaging material with respective Youngs moduius, or maniputating the
packaging structure such as changing the thickness (or number of layers), or the size
or the radius of the arc-shaped laminate 110,

in the following, a fabrication process for the sensor 102 will be described in detail.
The single-mode photosensitive fiber 100 can e.g. be a Boron-doped or a
Germanium-doped or a Boron-Germanium co-doped optical fiber. The photosensitive
fiber 100 can also be realised by a hydrogen loading method — e.g. to place a normal
Telecommunication grade single-mode optical fiber with a 250-micron acrylate
coating (ITU-T G.852) into a hydrogen tank with a specified pressure (e.g. 100bar)
and temperature (e.g. 60°C) for a few days (e.g. one week) , which can increase the
photosensitivity of the fiber.



The two FBGs 104, 106 (Figure 1) are written into the stripped sections 200, 202 (Figure 2) using a
standard phase mask 300 exposure technique, as shown in Figure 3. The UV laser beam 302 can be
e.g. from a KrF Excimer laser (248 nm) or frequency doubled Argon laser (244 nm). With reference to
Figure 4, the @@ gHEZe mask is used to inscribe the two FBGs 104, 106CFRG&B/dsowritten when
the stripped section 200 is unstrained. The other #fripped section 202 is pre-tensioned to 180
micro-strain during exposure so that the FBG 104 has a blue shift of about 0.2 nm after the tension is

released. Blatkmafererdatisranodisatiendsr-aprlieskansing the aratipavetingte iwihepimprove the
Gaussian prafile ok e geflectipn,spegt uppress,the formation of side-lobes. Fjgure 5 shows
the FBG fab(‘rgication platform SOOITE[T)_he [%%%%%%é %%rn?tt?é ?B%F?(?a%“eaé‘ !ﬁ%'% HHRRE tillimeters to a
few tens of CERIREERETHRSRIAGAINIS-is based on the principle of writing a subgrating per irradiation
step. The UV-footprint creating this subgrating is accomplished by the phase mask 300. The fiber 100

with coatinfergyed;aieads cloReCRs 1)%/ua e dianps 507,504 1hatars fehn a motorised

translation s@ shown. A strain gauge 50 of the fiber clamps 502 to

en a 61is e
monitor the tersle LHERSF HRRRL 'i%ﬁ?%ﬁ"ﬁ% é%ﬁ%%?%@ﬂ}@%ﬁrﬁﬁ@@w%%ﬁwrﬁn. During UV
inscription, the filsetYO@¢etrhemiatd@witn benstantrspeadietiativertethasel/ (rsgeswih the

interferomet%c@@ﬁtgpHggb;g@w@iﬂgsga@%'ﬁhg_position is very accurately tracked during the motion
and this data is used to trigger the UV laser when the fiber reaches the desired position for the next

irradiation. By sequentially writing subgratings and varying the phase between different sets of
subgratings VA GreisesRyIEBRURH, dha estarineas paskés usat toemiteded. tWorthgsensor module

102 (Figure b4, UGB FB Gratin gsvarigsHseskn The sefisstion srRpciaim Qi he:FBS is.constantly monitored
during UV iggerinti ' roadband Light saurce 508, Optjcal circulator 510 and an Optical
Spectrum Aﬁ%ﬁ%ﬁ@ ‘?Og‘g% %%e%%\‘?rlﬁpnegg 'E{ﬁj %%EE‘" iy ﬁ’k@%?}%ﬁﬁ?&%ﬁ &R annealing
(100C for 2XFEYES hsFpiR efieobaheg favereatien BPLOMIFBIS solveer20 BieLkore7 8
PCT/SG20064060@86dikation is applied during the grating writing to further improve the

Gaussian profile of the reﬂe_ction specirum and suppress the formation of side-lobes.

Figure 5 shows the FBG fabrication platform 500. The length of the FBG can be
fabricated from a few millimeters to a few tens of centimeters. The technique is
based on the principle of writing a subgrating per irradiation step. The UV-footprint
creating this subgrating is accomplished by the phase mask 300. The fiber 100 with
coating removed area is clamped on the two fiber clamps 502, 504 that are fixed on a
motorised transiation stage not shown. A strain gauge 508 is placed next to one of
the fiber clamps 502 to moniior the tensile strain of the fiber 100 on the clamp 502
before starting UV inscription. During UV inscription, the fiber 100 is transiated with
constant speed relative to the UV-fringes with the interferometer controlied
translation stage. The position is very accurately tracked during the motion and this
data is used to trigger the UV laser when the fiber reaches the desired position for
the next irradiation. By sequentially writing subgratings and varying the phase
between different sets of subgratings, an ultra-long FBG with almost arbitrary profiles
can be produced. For the sensor module 102 (Figure 1}, uniform gratings are used.
The refiection spectrum of the FBG is constantly monitored during UV inscription
using a Broadband Light source 508, Optical circulator 510 and an Optical Spectrum
Analyzer 512 (OSA).

After writing the FBGs, the fiber is put into an oven for annealing (100°C for 24 hours)
to stabilize the Bragg wavelength of both FBGs.



Fiber Reinforced Composite (FRC) material is chosen for embedding the FBG sensor due to a high
strength-to-weight ratio, corrosion resistance, high elasticity and excellent linear force translation, low
electro-magnetic interference and mold ability into.complex shapes. FRC lamina (prepreg) refers to a
thin layer of &@Pel1€8itposed of reinforcing fibers surrounded by a mat®% Téieag€8xy), FRC
laminate refers to a stack of such lamina bonded té§ether with the individual laminafprepreg oriented
in certain directions. With reference to Figure 6, the two FBGs 104, 106 are embedded symmetrically
in the FRG laminate 110, with both FGBs 104, 106 running parallel to the reinforced fibers of the FRC

lamina 110, ey i=pli i vith the shorter kK wav th is embedded
above the ngﬁq[%gl%%%%%%% (? %ﬁB%E%EEN% ;ﬁ%%ié\ée g':lq 8%%@ v%%@%%%%qg%rﬁl t)gg'j%ee%?%relow the

neutral laye®# 2°TRcb BEREIHET VRIS Ai7ito CBREASHBN EPRRassm e Terelmdaiitraadmall fiber loop
600 lying outsitidhelitaamifate 1hsiBhienoop sinttorehatallonsiiosibe sndlitipdexingial many pairs

e.g. 700, 7 f di ri crfigurations as wni in Eigures 7 a) and
b). Each paﬁgé@%iiig@‘?x;o%; %?ggBGgﬁgn%fgégiﬁg?gﬁjs%?é!%heggsggﬁ %Hé;gf ﬁa@kg%}%idifferent

tension on e uPh FEBREC PSR S HESURPRB &Yp Zir et e dREGR PiBAR%he F&3Bective module
e.g. 704, 70&nDitfsronfarodules sagk 764 suth6leminb cblowiid diageihgr deiiretidosativgualong the fiber

100. Returnigghitfpigdrestortbe i ePraasie drldnare first removed from the freezer and allowed to
thaw overnight before cutting them to the required sizes. The prepregs e.g. 602 are then cut with a

penknife at different direction such as 0, 90, +45 and - 45 with respect to the direction of the optical
fiber. To preVéifit wigtepedirdranaibnihendoRbedfhmiftanate fobeddadirmyromehieghepregs e.g. 602,

the non-adhesierdiltasitaes shovaiebdae REsRre0s 619 602ne patiemovsd imiBagytting. With

reference togeigur %e%qggﬁ%%nq %:&L#Icp;grte ?1(% ii-% s, ggi ﬁ é} e lll_aa%e {%t‘t‘}%‘.:ﬁ%{éﬁ%‘ The caulplate

800 is wrapped with a layer of release fabric Teflon"coa &r glass or No l-E'Pt?érlease film 802

(Release EJGERYAYPIENG) iR sTRadded abeve dhe asuitRl imeohEienerhiBlie RGywibrieansnants that
might affect pheksusfatengib adiyrafdbideoraidvaminaiassbriase 1aying:theearbos fiber prepregs. WO

2006/107278: LS L2090 AW he fiber 100 with a small fiber loop 600 lying outside the
laminate 110. The lcop structure 600 allows for the multiplexing of many pairs e.g.
700, 702 of FBGs cascaded in series for example configurations as shown in Figures
7 &) and b). Each pair e.g. 700, 702 of FBGs can be fabricated using the same phase
mask but different tension on the fiber during FBG fabrication. Each FBG pair is
packaged within one respective module e.g. 704, 708. Different modules e.g. 704,
706 can be located at any desired location along the fiber 100.

Returning o Figure B, the prepregs e.g. 802 are first removed from the freezer and
allowed to thaw overnight before cutting them to the reguired sizes. The prepregs
e.g. 802 are then cut with a penknife at different direction such as 0°, 90°, +45° and -
45° with respect to the direction of the optical fiber. To prevent water contamination
and other contaminants from settling on the prepregs e.g. 802, the non-adhesive
films {not shown) on the prepregs e.g. 602 are not removed during cutting.

With reference to Figure 8, an aluminum caulplate 800 is used as the base for the
lay-up. The caulplate 800 is wrapped with a layer of release fabric Teflon coated
fiber glass or non-porous refease film 802 (Release Ease 234 TFNP) that has been
cleaned with acetons to remove any contaminanis that might affect the surface
quality of the cured laminaies before laying the carbon fiber prepregs.



12 The composite laminates 110 is prepared by layering the prepregs e.g. 602 onto the non-porous
release film 802 on the caulplate 800 using a manual lay-up method. At this stage, the grating fiber
100 containing the two FBGs is introduced to the prepregs e.g. 602 with the grating fiber 100 running
parallel to thé¥eéiifsree&@iber of each, A roller is used to even out the surf{EESG2agHIes8Even
placement between plies. The completed laminat@2.10 is covered with a layer of release fabric Teflon
coated fiberglass or porous release film 804 (Release Ease 234 TFP), followed by a breather cloth

806 (Airwavessupepddy tarabhatd the exaessteshy. kaaty, Bdayesehnon:-pomysisalpase film 808 is
placed on o AlitpR ralie: i8R beleraliuhole 554 B1RJ5 IANSIEEAle o

composite-curing tab éﬁ Heatcon 9500) or a_ vacuum ov ée g Hiufit oven
Vacucenter VE-3H%itheaf iR fﬁ@ﬁ‘?p%ﬁ} HHOGIPAC R eembBiRiuiRe RiTtWeRSH % YBOC at a rate of
2C/min, andrsepitgpedobffedifoti@Ogmmgdbat mmnmmmﬂedmnet&wfemasﬁedammated

sensor moduife IRTINeS 148 he SHANGARESHRICY, BING LT3R ORI ShAPRA pegsor module 102
ay-up, w

(Fig. 1) prepzlaratlag:&,1 an arcI 812 is used as the base for t IS placed in
between theMoH- poro&?fﬂ«%és@@f’fwﬁ%@z‘ Hh & ARVRIRE TR fugs %fof?}eﬂ'?é Fé%"t“bﬁ fi®embedding
procedures @apddsiairsasmertisnettaioio Blyuidctstolsse RHCTHBN Sieettiny Measurement

set-up 900 t@@%ﬁ%&h%W&@'@ﬂ&h ﬁg@@@&%ﬂ:@ﬁé‘@&\@& RS B diReasgydngdule 902
versus dlsplgcgment Wh le a Ig} % forc 904 IS Zﬁ’? (ﬁ A circulator 906 is utlllsed to couple a light

signal from a br gcﬁ)ua?nﬁfa Rt source |n Etheo e PERYBE RSV eiGatie 902. The
reflected Ilgmr&@nﬁtﬂ&@rﬁ%@tﬁfﬁi‘ﬁ@@ it? thexeprBteraging d802 (propegatimpalshgtiae same optical

fiber 910 of aewemsoermogdu AR istireaian OVSMASANE it circulator 906 for the peak
wavelength measurements. Under load test, the FBG above the neutral layer (curve 1000) shows a
blue shift of wavelength, while the FBG below the neutral layer (curve 1002) shows red shift a of
wavelength,"é{g“s%wﬁ%f@‘@aﬁ@fw BoR{° vdbeliampRrahifesivermnebéndi orte rdamve 1000, 1002)

and Displaceroaniryessischenglipgdensedcurvedl @adutsbow 900¢ IN@AEYeool down, the
composite laminated sensor module is removed from the curing table or oven.

in the case of arc-shaped sensor module 102 ( Fig. 1) preparation, an arc-shaped jig
812 s used as the base for the lay-up, which is placed in between the non-porous
release film 802 and aluminum caulplate B00. The rest of the embedding procedures
are the same as mentioned above.

Figure 9 shows a reflection Spectrum Measurement set-up 900 to observe the peak
wavelength separation of the two FBGs in a sensor module 902 versus displacement
while a faterally force 904 is appiied. A circulator 906 is utilised to couple a light
signai from a broadband light source 908 inic the optical fiber 810 of the sensor
module 802. The reflected light signal from the two FBGs in the sensor moduie 902
propagating along the same optical fiber 910 of the sensor module 802 is directed to
an OSA 912 via the circulator 906 for the peak wavelength measurements.

Under load test, the FBG above the neutral layer (curve 1000} shows a blue shift of
waveiength, while the FBG below the neutral layer (curve 1002) shows red shift a of
wavelength, as shown in Figure 10. Both, wavelength shifts versus bending force
{curve 1000, 1002) and Displacement versus bending force (curve 1004} show good
finearity.



WO 2006/107278 PCT/SG2006/000086 13 To test out the temperature dependency, the sensor is
placed in an oven, at various temperature points, and the wavelength separation of the two FBGs
versus lateral applied force/pressure to the specimen measured. The results show that the Peak
wavelength s¥P4§GA8T%he two FBGs is linearly proportional to the appliB@T/5G2006/000086
pressure/load/displacement (compare e.g. curves 1300, 1102) with almost same gradient a cross a
temperature range from 32C to 69C, as shown in Figure 11. These experimental results show that by

subtracting fhe twoquettic wamslength sistheandeomp ene s icem paiu (e Ardieed wayelgRoth shifts can
be simply re@%gpatﬁt;gj%magﬁgrﬂg %%%H&/AZ?&%Q@&@ Wemtw %can be ??S'Qf obtained by

experimental calibration on the module. Figure 1 OWS a owchar il ?rastlng a method of

strain sensifty AR SEFEIPEEUR @p%?Fﬁ%%?’ﬁaﬁﬁ%‘ﬂr%sp?ff@t%e?@www%@@FBG) and a
second FB®dueinegithespimatopraiideel. WbsERGE2 04, itemoptinabibRinis subjastegipea strain

inducing forgresyarAbabaisiatbadrriad e Uis! BRGCOMBIESHAR AR Hiid edod in the

second FBG extends. At step 1206, the first and Second FBG are optic ylnterrogat to determine
peak reflect®i Wl eleigHis® otl’afﬂaef?g‘frﬁrﬁm@@cfé‘?{a EBE P EctRefhRmerBhyigreaddration between
the peak refléetisnexpavelengthssoftiehtivstrandpsobmafRGRdswenseseniaivieratibersérain induced.

Figure 13 shayanbansharacian Uusipiansmenad of Rprsata ryjain sensor. At
step 1302, an optlcal fiber %%%ov At step 13(%5%t Ieést a first ?sb %)rg%%gg%gmg FBG) and a

ed
second FBCEindr# GhticAl 8?8231?3? CRRAFHRY 6?)%@59f|5@|” A‘?%teﬁ?ﬁfﬁoé’htﬁ@%‘f)tlé’al fiber is
embedded if®@gHRRAG FgibralicAe achatiats. if the optical fiber is subjected to a strain inducing force,
a grating period in the first FBG compresses and a grating period in the second FBG extends. The

described s dules_can,provid I stral measurement independent of temperature
perturbatlon%q?su%eri%nlégvrv% r?ci)% &) t%r?églﬁiu tpa RAFTENIR N SFAEnTHRr e téfERncing process
and showed18%rﬁh?ﬁﬁ%%ﬁfaﬁﬂé*@rétrﬁﬁ%@@FQhﬂl?ﬁ!L BrepaewitgeGRPassive sexbsimple

mechanism FB&-foastd tHaisinRsF obigiy. senséivityo4elirbiiycanth vl 8¢ sensesmodules can be
widely usedifaf,cing force such that a grating period in the first FBG comprasses and a grating

period in the second FBG extends. At step 1208, the first and second FBG are

optically interrogated to determine peak reflection wavelengths of the first and

second FBGs respectively whereby a separation between the peak reflection

wavelengths of the first and second FBGs is representative of the strain induced.

Figure 13 shows a flowchart 1300 illustrating a method of fabricating an optical fiber
strain sensor. At step 1302, an optical fiber is provided. At step 1304, at least 3 first
fiber Bragg grating (FBG) and a second FBGs in the optical fiber are formed in the
optical fiber. At step 1308, the optical fiber is embedded in a packaging struciure
such that, iIf the optical fiber is subjected to a strain inducing force, a grating pericd in
the first FBG compresses and a grating period in the second FBG extends.

The described sensor modules can provide stable strain measurement independent
of temiperature perturbation of the sensor without additional temperature-isolation or
iemperature referencing process and showed a minimum resolvable strain of less
than 1 ue. Due to the ali-passive and simple mechanism, low-cost, robustness, high
sensitivity, reliability and durability, the sensor modules can be widely used for
pressurefload/displacement sensing in e.g. boilers, chemical process reactors,
engines, and the human bodies to smart structures. Industrial application includes
pressure monitoring for aero-planes and sieep monitoring to categorize spatial-
temporal pressure patterns into pre-defined sleeping states.



pressure/load/displacement sensing in e.g. boilers, chemical process reactors, engines, and the
human bodies to smart structures. Industrial application includes pressure monitoring for aero-planes
and sleep monitoring to categorize spatial- temporal pressure patterns into pre-defined sleeping
states. WO 2006M&72 75 P CT/SG2006/000086 14 The described sensor Pegfflescanovide the
following advantages: Extremely sensitive with lafge dynamic range Multiple sensors can be
embedded within single fiber strand and arranged to any desired spatial configuration Scalability of
deployment for large number of sensors Low attenuation of fibers meant the application site could be
very far awaph S0, o0l a0 Sallobivin et Bisisulsensor packaging enables
customisation of required sensitivity Unique demodulation approach reduces number of components
and overall cost PCTISG200G/000086 Received 5 February 2007 15 . CLAIMS - 1. A method of
strain sensing doitiprisingehdiste pirokrge dyiingcaangyptical fiber having at least a first fiber Bragg

grating (FBG) angkigia seceRsldER G- forpeskihermin. whjrcling- Bin.aptsal fibsrdaastigin inducing
force such thaté;\ ?rai!n%%eriod in thﬁ first FBG compresses and a grating penoé’in the second FBG
extends; and op? Al y‘c’l W&@Hﬁ?\ﬂ? @irst and second FBG to determine peak reflection
wavelengths ofthaidhidtiaeiciepiogmd * BGkigspeviecly’ skdsvinerein the first and second FBGs, in a
quiescent state; havpigtiffarent @rasing nhasiedssfappravidingianiniiabserp ation.nftagneak reflection
wavelength of the fi{st ang C?ec_o d. @%GS’ cy\/hferebé/ a separation between the peak reflection

aIgn. flexi EpIoVIm

wavelengths of the frst and Secon S re’bregentative of the strain induced.

« Different sensor packaging enables customisation of required sensitivity
« Unigue demodulation approach reduces number of components and overall cost



15727 The'method as claimed in claim 1, wherein the optical fiber is subjected to a strain inducing

* perpendicular force with respect to the first and second FBGs. 3. The, method pg-¢lekraménsirigss 1
or 2, wherein the optical fiber is *20 embedded' in a packaging structure syghiRalithedsshantegeon

- FBGs are disposed on opposite sides of a strdih neutral layer of the packaging structure. 4." The
method as claimed In any one of claims | to 4, wherein the packaging structure has substantially an
arc-shape, ang higstrain inducing force is applied 25 substantially at an apex of the arc-shaped
packaging structure. 5. The method as claimed in claim-4, wherein the substantially are-shaped
packaging structureiopstiprséstraibesdimgcomansig. thhdspsathod as claimed in any one of the preceding
“claims, comp_rising praainananeatin:-laanhaving: a m@gygpgg%ogmg@@gh@nd s_econ_d FBGs
formed -th$r,e|n ngln %%ephggaatgegél ng a length of the optical fiber; subjecting the optical fiber to a

plurality o strain in ucmg orces such that, for each. pair of first and second FBGs, grating periods in

the first FBG comprd@i&sdng fee catigehihsg tBéﬁBﬁﬁﬁP?ﬁ@@é@ﬁﬁ&L@E@a&?t@ﬁ% B#8%5 optically
interrogating théhedisp ESB/eopaiessof firstagdise peivd FBE seryndé@®raktangseakdreflection wavelengths

. -of the first and secaptldaRGirrmRtaivelYisAmendesh $heat | BéAvid RET 16858H06/000006 Received
5 Febraary 2%@&%{9@8{%;@?%@%% %\é\/&ﬁ&%@e@eak' reflection wavelengths of the first and
' [

- second FBGs. respectively for respective pairs of first and second FBGs are re_ﬁresentative of the

respectivd strains iftiGEEYM8 Fstanbseeat FBEP afreesrabr R BnBvR iT A BBieal fiber: at least a
first fiber Braggigratioig(FBiBY anihitiesesoraicrRThopeals chlisaling wptisabtibethe first N '

and second FBGs, ‘
‘  whereby a separation between the peak refiection wavelengths of the first

and second FBGs is represemative of the strain induced. _ . i
15 o | | _
2. The method as claimed in claim 1, .wherein the optical fiber is subjected to'a

strain inducing perpendicuiar force with respect to the first and second FBGs.

3 The method as claimed in claims 1 or 2, whereln the optical fiber is :
20  embedded in-a packaging structurs such that the first and second FBGs are
disposed on opposite sides of a strain neufral tayer of the packaging structure.

4. The method as claimed In any ona of claims 1 to 4, whérein the packaging
structure has substantially an arc-shape, and the sfrain inducing force is applied
25 substantially ‘at an apex of the arc-shaped packaging structure. '

5. The method as claimed in claim 4, wherain the substantially arc-shaped
' péckaging structure comprises a bénding beam.6. The method as claimad in any
“one of the preceding claims, comprising providing an opfical fiber having a plurality of
30 pairs of first and second FBGs formed therein and spaced: apart along & length of the

opfical fiber; | : ' ‘ ‘
subjecting the optical fiber to a plurality of strain inducing forces such that, for
gach pair of first and second FBGs, grating periads in the first FBG compresses and

a grating period in the second FBG extends; and ‘

35 optibaiiy interrogating the respec’tive. pairs of first and second FBGs to
‘ determine peak reflection wavelengths of the first and second FBGs respectively; ;

Amended Sheet
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——apackagingstructure embedding the optical fiber such that if the optical fiber 10 is subjected to a

* strain inducing force, a grating period in the first FBG compresses and a gratipgrpsiezhissnesEon
FBG extends; and an interrogation system for optically interrogating the figgl.eRdss tebeuaBEHUD
determine peak reflection ' wavelengths of the first and second FBGs respectively; wherein the first and
second FBGs, in a quiescent state, have different grating 15 periods for providing an initial separatio
of the. peak reflection wavelength of the first and second FBGs, whereby a separation between the
peak reflection wavelersgiesrsrakensibstwaphite pentd ety waEiiutes P5HGL S #R strain induced. 20 8.
The sensor assghatmestdn edapatileifercinsthaiaptiess fitiefrid sobjeetotdtd BE8tAM inducing
pefpendiCU'%J&re%gn\%q{;E@%tpee,%gég&% firstapd.segond FBGs. 9. The'sensor as claimed in claims 7 or
8, wherein the optical fiber is embedded in the packaging structure such that the first and second -
FBGs are disposed on 25 opposite sides of a strain neutral layer of the packaging structure. i 10. The
sensor as claimed ifva@RjcaHBHPERIFRCIGYRIHE ein the packaging structure has substantially an
arc-shape, and the straiticéinthscing force is applied substantially at an apex of the arc-shaped
packaging structure, 30,41, ﬂ'rgﬁﬁggng%ggb@wg@ Shaim skooITereifviinedslistantially arc-shéped
i packaging structure comprises a bending beam, 12. The sensor as claimed in any one.of claims 7 to
. 11, wherein tﬁ’Bt‘B%{ 3rging 35 structure comprises a composite laminate s ruﬂgre. 13. The sensor as
. claimed in claim 122 RarkpgiRotFEIeHT PHEREIBHT ARG TRL PR BRI B % SHBE - finforced. carbdn
' composite masesiajkprenreg strAmehdied Bitect dRINY/ /AP O HSE2 686100B(*565Received 5 February
2007 17 14. TheSeRsR Radlfimeddnsians ki Iaddwherein the first and second FBGs

an interrogation system for optically interrogating the first and second.FBGs :

_to defermine peak reflection wavelengths of the first and second FBGs respeclively; \
wherein the first and second FBGs, in a quiescent staie, have different grafing . }

15 -periads for providing an initial separation of the peak reflection wavelength of the first :

and second FBGs, ‘ - o
whereby a separation between the peak refiection wavelengths of the first

and second FBGs is representative of the sirain induced.

20 &, The sensor as claimed in claim 7, wherein the opfical fiber is subjected fo &
strain Enduciﬁg perpendicutar force with respect to the first and second FBGs.

9. The sensor as claimed in claims 7 or 8, wherein the oplical fiber is _embedded .1
in the packaging structure such that the first and second FBGs are disposed ory 1
25  opposite sides of a strain neufral layer of the packaging s'tru;tura‘. o _ !

10. The sensor as claimed in any one of claims 7 10 8, whé%ein the packaging
Astructure has substantiafly an arc-shape, and the siraln inducing force is applied

_ subs.tantiaii.y at an apex of the arc-shaped packaging structure.

30 o - _
11.  The sensor as claimed in claim 10, wherein the ‘substantiaﬂy'arc—shaped-

packaging structure comprises a bending beam, -

12.  The seénsor as claimed in any one of claims 7 to 11, wherein the packaging
35 structure comprises a composite laminate structure. |
13.  The sensar as claimed in dlaim 12, wherein the composite laminate structure

comprises fiber-rainfareed earbon composite material prepregs.
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are aligned with each other within the composite structure, and, the composite laminate structure is
“ symmetric with respect to the FBGs. 5 15. The senoras claimed in any one of @@m@i@g@ﬂ]womem
the optical fiber has a plurality of pair of first and second FBGs formed thg@é@l@émm
along a length of the optical fiber; the packaging structure embeds.the pairs of first and second FBGS
such that, if the optical fiber is subjected to a plurality of strain 10 .inducing force, for each pair of first
and second FBGs, grating periods in the first FBG compresses and a grating period in the second
FBG extends; and the interrogatio stem optically interrogates the respective pairs of first and
second FBGs'th de@ﬁﬁﬁﬁ@%é&kﬁ@ﬁéﬁ@ﬁ'ﬁ%@%Fﬁﬁéth‘%‘%?'fh“@%’?&%téﬁ%%é%%ﬁgBGs respectively; .
15 whereby sepasiiaasvibtwasn diher peitinréfte ctimposiavsttactgtiysaofi thies fisshpasite second FBGs
respectively foiiasReeive RS RRLELR! @,gpq.&%ggqgtﬁe&@g@re representative of the respective strains
induced. 16. A.method of fabricating an optical fiber strain sensor, the method comprising 20 the
- steps of, providing an optical fiber; C forming at least a first fiber Brag gratl FBG) and a second
FBGs in the Sétlcaﬂ"ﬂﬁé?{‘%@éﬁ‘ﬂﬂg firarante SEEBIRE EBGS; Mae %é’@ﬁ?ﬁg , have different
grating 25 persds fargitpeidiaig aﬁfmﬁtmﬂsmaamatﬁmwfmqbémﬁ:efmmmm‘wmgth of the first and

second FBGsqigigiaghliR:0pfcal filea aupasiacing sfussiumsuatuhialotihe optical fiber i
subjected to a strain m{pggg%g)c{\?% Eﬁ, grtgtl ?%tge[r%%lrlg tSQ[ ﬁrg%l%ﬂBGﬁ%P%tﬂe%%% and a grating period

in the secondal—D &ete d'as claimed in claim r comprising coupling an

interrogatfbn Wﬂ%%éobﬁmqfﬁgﬁﬁﬁﬂf)w Fﬁ@?r@@ﬁﬂﬁ@eﬁf@?ﬁé{hﬁﬁfﬁ?&%nd FBGs'to .
determine peakmpfestiomivagelingiivdhtie frsndrdSesendtRBEs respectively; -

the inferrogation sysiem opfically interrogates the respective pairs of first and
seeond FBGs to détermine peak reflection wavelengths of the first and second FBGs

raspactively;

15 . | whereby separations betwesn the peak raflection wavelengths of the first and
‘second FBGs respectively for respective pairs of first and second FBGS are
representative of the respective sirains induced. '

16. A mathod of fabricating an optical fiber strain sensar, the method comprising
20 the steps of: ' ‘
' providing an optical fiber;
f’ forming at least a first fiber Bragg grating (FBG) and & second FBGs in the
optical fiber;
whersih the first and second FBGs, in a quiescent state, have different graﬁng
25 periods for providing an inifial separation of the peak réﬁectién wavsalength of the first .
and second FBGs, .
 embedding the optical fiber in a packaging structure such that, if the optical- . :
- fiber is subjected fo a strain inducing force, a grating period In the first FBG
compresses and a grating period in the second FBG extends.

30
{7. - The method as claimed in claim 16, further comprising coupling an.-
interrogation system to the optical fiber for optically inferrogating the first and sacond ,
FBGs to determine peak reﬂécﬁon wavelengths of the first and second FBGs
. respectively; ' P
35 whereby a separatlon between the peak reflection waveiengths of the first :

" and second FBGs is reprasentative of the strain inducad.
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35 Wwhereby a separation between the peak reflection wavelengths of the first and second FBGs is

” representative of the strain induced. Amended Sheet IPEAIAU FCT/SG20061900986 2 Mrreeasdsd
February 2007 18. The method as claimed in claims 16 or 17, wherein thg Qi § Febriafyiaecred
a strain inducing perpendicular force with respggt to the first and second FBGs. 5 19. The method a
claimed in any one of claims 16 to 18, wherein the optical fiber is embeddéd in the packaging
structure such that the first and second FBGs are disposed on opposite sides of a strain neutral laye
of the packagifig strigttehetoasocmedaRaEad i ed TREHY eog'%?éiveﬁgr 1% to 19, wherein the
packaging stsugtarel hesstaipstantiod papeadcubindpes wittcreresstiaifa gt atrePoR is applied
substantially agan apex af the arc-shaped packaging structure. 21. The method as claimed in claim
20, wherein the substantially arc-shaped ‘15 packaging structure comprises a bending beam. 22. The
method as claimed in any one of claims 16 to 21, wherein the packaging structure comprises a
composité laminate structure. 20 23. The method as claimed in claim 22, wherein the composite
laminate strudture BemprisesdibesreihforsndosaiorriteniBosif nikasHEl Preiii€gs. 24. The method a
claimed in claipasi2aRedBvhecaintagrRhstatesatignetiwifist eat beatihd Patihnethe composite

structure, and,the composite lamynate. SLEHIGS fa- SYmmBliicuiResaect to the FBGs. 25. The
method as clgﬁg?gnefﬁé%EW%ﬁrﬁs lé to 24,|6£or%hpri{gr]% for?hi%g a plurality of pair of first and

second FBGs in the optical fiber and spaced apart along a length of the optical fiber; and. embedding
| the pairstéf fidt andseosidRBGsieee B0 preckzRAing 46 troldra/aRiel iR i dptical fiber is

- subjected to atpletiadityofsatrainiing uaingfome, toriaaehiptir oy dode SeconFBGs, grating periods
in the first FBG, compresses.and A aing prriodiadhs seeend FBG extends.

U

21.  The method as claimed in claim 20, whersin ihe substantially arc-shaped

15 packaging structure comprises a Dending beam.

22, The ;ﬁethcd as claimad in any one of claims 16 to 21, whérein the packaging

structure comprises a composite laminate siruciure.

20 23, The meihod as claimed In claim 22, wherein the composite laminate sfructure

compfis.es fiber-reinforced carbon composite material prepregs.

24, The method as claimed in claims 22 or 23, wherein the FBGs are aligned with
' sach other within the composite sirtcture, and the compaosite laminate structure s

25  symmetlric with respect to the FBGs.

25. The method as claimed in any one of claims 16 to 24, comprising forming &
B plurality of pair of first and second FBGs in the opfical fiber and spaced apart along a
length of the opfical fiber; and embedding the pairs of first and second FBGs in the
30  packaging structure such that, if the optical fiber is subjected to a piurality of strain
iﬁducing force, for each pair of first and second FBGs, grating periods in the first FBG
compresses and a grating period in the second FBG extends. .
26.  The method as claimed in claim 25, wherein the interrogation system optically
. interrogates the respective pairs of first and second FBGs to determine peak L
'35 . reflection wavelengths of the first and second FBGs respectively, ' : o E
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~ 26. The method as claimed in claim 25, wherein the interrogation system optically interrogates the
" respective pairs of first and second FBGs to determine peak .35 . reflection w mﬁlﬁfﬁdﬁt
and second FBGs. respectively; Amended Sheet JPEA/AU PCT/SGZOOG/QQQ ggd 2@37
Febrsaxy 2007 19 } whereby separations betygeen the peak reflection wave engths of the first and
second FBGs respectively for respective pairs of first and second FBGs are representative of the

respective strains induced. 5} Amended Sheet IPEAIA
P whereby separafions between the peak e ectl;'gm wavelengths of the first and

second FBGs respectively for respective pairs of first and second FBGs are

representative.of the respective strains induced. ' ;
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