Fi ber Bragg Grating Sensor FIELD OF THE | NVENTI ON The present invention
rel ates broadly to an optical fiber strain sensor, a nethod of fabricating
t he sane,wendocaomzshod of sensing strain. BACKGROUND Mamg¢Tiseetnsiogesse t o
discrimnate the effects between stra n and tenperature in fiber Bragg
grating (FBG sensors have been reported, which include schenmes using a
tilted fiber Bragg grating denodul ator [Sung Chul Kang, Se Yoon Kimetl,
" Tenper at ur e- i ndependent FiheniBraggrating Sensong a tilted fiber Bragg
grating denodul ator,”™ | EEE Photon. Technol. Lett, vol. 10, No 10, Cctober
1998], superinposed gratings [M G Xu, J. L. Archanbault, L. Reekie, and
J. P. Dakin, "D scrimnation between strain and tenperature effects using
dual -wavel ength fiber grating sensors,” Electron. Lett, vol. 30, no. 13,
pp. 1085-1087, 1994], a chirped Bragg grating [M G Xu, L. Dong, L.

Reeki e, . L. Cruz, "Tenperature-independent strain
sensor ué‘@é%ﬁh&ﬁb’é’%&g@grati ng 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 aus, and A. M. Vengsarkar, "Sinultaneous
strain aﬁ'&? P'@gg@r"&‘felﬁ‘#‘én FFS@%%%Q?QM“@PW“?’%HB@%% HRPgPafiMesod Otpt . Lett,
vol . 22, fabfcatihg tiPsarhd &rdeDmefd9 6f seirfy stilong exi sting schenes, a dual
head sensor is one of the nost effective schenes due to its conpact size

and good performance [S. W Janes, M L. Dockney, and R P. Tatam

"Si mul t apAQKGROAAYENdent tenperature and strain nmeasurenent using infiber
Bragg grating sensors," Electron. Lett., vol. 32, no. 12, pp. 1133-1134,
1996] [M Song, S. B. Lee, S. S. Choi, and B. Lee, "Sinultaneous

measur endany tFchpighpetoadigeriminate the effieets lpetwrent stain and tenmesglgregindibengs
enmbeddedpj ‘o i [ \prhni , , .2 194-196,
1997] . I—El\lﬁggggrr;gﬁﬁosgg E%gm@%%\%n%&eéﬁgﬁéw%¢|%W?4§éug§r%cﬁ\?gmggeu3?ﬁa%d none of

those t ediedi fbe's Bspeg i arating diemodylatiadPung feuhobana he ¥aen cléineretk or real
appl i cat iTfiperdthielAsPanbER HEENREASsystem using a tilted fiber Bragg grating

demodulator,” /EEE Photon. Technol. Lett, vol. 10, No 10, October 1998],
superimposed gratings [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. 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 tépered
optical fiber,” Electron. Lett., 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 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. 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, S. S. Choi, and B. Lee, “Simultaneous measurement of
temperature and strain using two fiber Bragg gratings embedded in a glass tube,”
Opt. Fiber Technol., vol. 3, no. 2, pp. 194-196, 1997]. However, those known
techniques are more research-based, and none of those techniques provide proper
packaging methods that can cater for real applications. Although the techniques
using an FBG [D. A. Jackson, A. B. Lobo Ribeiro, L. Reekie, and J. L. Archambauilt,



using an FBG [D. A. Jackson, A B. Lobo Ribeiro, L. Reekie, and J. L.
Archanbaul t, " Si npl e nultipl exing schene for a fiber-optic grating sensor
net wor k, "wOpboe/loet78, vol . 18, no. 14, pp. 1192-1 194, 1263]SGavocaodosber
Fabry-Perot wavelength filter [A. D fersey, T. A Berkoff, and W W
Morey, "Miltiplexed fiber Br agg grating strainsensor systemw th a fiber
Fabry-Perot wavelength filter," Opt. Lett, vol. 18, no. 16, pp. 1370-1372,
1993] as %{”‘@%HWP@{“BQ sphRme AP BEc OEing snsarmepverise Prk Leashpiobt e
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gener al | §2lRgEatendm iakEicatng dhe 'ﬁeﬁ %!"@Mgth of an FBG is deternined by the
refractive index of the fiber and the period of the graL| ng, bot h of }/\/mch
change hte Slneth refractive index is hard to contro
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the FBG.

The control is usually accomplished 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. Yoffe et al [G.W. Yoffe, Peter A. Krug, F.Ouellette, and
D.A. Thorncraft, “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
temperature rises, the strain is progressively released, compensating the
temperature dependence of the Bragg wavelength. A wavelength shift of 0.7 pm/°C
was achieved, but the overall structure requires precision-made components and is
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).



was achi eved, but the overall structure requires precision-nmade conponents
and is conplicated to assenble. Another conplicated design based on a
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tenmperature range has been patented by Lin et al.,

"Tenper at ure- conpensati ng device with tunable mechanismfor optical fiber
gratings U.S. Patent No. 6,374,015, 2002).In contrast to the electrical
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t herefore exists tﬁﬁdﬁ ovi de an optical fiber sensor that seeks to address

at | east OBHEPBF Nt YrRIoRMeRtof PBWF@JJIf'lEﬁr&SP%‘?fﬁ SUMVARY | n accordance with a
first aspect of the present |nvent| on there is provided a nethod of strain

sensi ng conpr,i t he steps ovi ding an optical fiber having at |east
a first fiNged tE?@ng © GXists ngrewé%)ana?m'ca cwaserghet $9eks do taddress rat

subj ect i legsttdie oFtie Sidvelditibnéd®pbiinisai N i nducing force such that a grating
period in the first FBG conpresses and a grating period in the second FBG

extends; and optically interrogating the first and second FBG to determ ne
peak reflection wavel engths of the first and second FBGs respectively;
wher eby %Hﬁﬁ&w' on between the peak reflection wavel engths of the first
and seco S representative of the strain induced. The first and
second FBGs, in a qui escent state, may have different grating periods for
provi di n% an initial f%ar ation of the peak refl ection wavel engths of the
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optical fiber to a strain inducing force such that a grating period in the first FBG
compresses and a grating period in the second FBG extends; and optically
interrogating the first and second FBG 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.

The first and second FBGs, in a quiescent state, may have different grating periods
for providing an initial separation of the peak refiection wavelengths of the first and
second FBGs.

The optical fiber may be embedded in a packaging structure such that the first and
second FGBs 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 method may comprise providing an optical fiber having a plurality of pair of first
and second FBGs formed therein and spaced apart along a length of the optical fiber;



inducing force is applied substantially at an apex of the arc-shaped
packagi ng structure. The nethod may conprise providing an optical fiber
havi ng a wbunaliorayrsof pair of first and second FBGs f or meu/SGherssnonsand
spaced apart along a length of the opgical fiber;subjecting the optical
fiber to a plurality of strain inducing forces such that, for each pair of
first and second FBGs, gratl ng periods in the first FBG conpresses and a
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grating FBG)g@g%d a second FBG forned the opti cal a packaging

structur Srﬂetr%eﬁ‘?ﬂt?té’éloﬁhed@rsp%qﬁ'&ﬁSFﬁ'QF 'ﬂdluc?‘he optical fiber is

subjected to a strain inducing force, a grating period in the first FBG

conpresses and, a i per od in second FBG extends; and an
interrog P%%f%@?é%{hf ééFchyt/o%FheePFeéﬁ%tt invgntioRetherer istPravided 8Rond FBGs

to deter arpm:el ﬁb@kstraeiﬁIseakoroeomms@{geagtdmcgfﬂséaeaf le{(a%i a]?ﬂﬁt §8610Bfhg EBIGS .
respectivel a separ en the peak ref]ection wavel engt hs
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The first and second FBGs, in a quiescent state, may have different grating periods
for providing an initial separation of the peak reflection wavelength of the first and
second FBGs.

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 packagi ng structure may conprise a conposite |amnate structure. The
conposite lam nate structure may conprise fiber-reinforced carbon conposite
mat eri al woepse®z278he first and second FBGs nay be ali grea/seiods/oe@sth ot her
Wi thin the conposite structure, and the conposite lamnate structure is
symmetric with respect to the FBGs. The optical fiber may have a plurality
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grating Sods in the first FBG conpresses and a grating period in the
second FBG extends; and the int errogat ion systemoptically interrogates the
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wavel engtdpsesehttine of the s¢speotivessteamglinbidenl. r espect i vel y; whereby a separation
between the peak reflection wavel engths of the first and second FBGs is
representative of the strain induced. The first and second FBGs, in a

qui escentn adcatdancerath lactiied dsfdot bbihe pyestint Mgeftioh theie i§ Provitled\d Methgdan
initial ofF Pa%rn%ét%n%naﬁ) foptt|c§ fiber strra(len]c lsgr?sto'rom ﬁ"ln < cgrnprcl)sflng} tee fs{erpgtofand
providing an optical fiber; forming at least a first fiber Bragg grating (FBG) and a
second FBGs 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
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
fiber for optically interrogating the first and second FBGs 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.

The first and second FBGs, in a quiescent state, may have different grating periods
for providing an initial separation of the peak reflection wavelength of the first and
second FBGs.

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



second FBGs. The optical fiber may be enbedded in the packagi ng structure
such that the first and second FGBs are di sposed on opposite sides of a
strai n nemoradé/lozzrer of the packagi ng structure. The paclkagiSegomsionass ur e may
have substantially an arc-shape, and ghe strain inducing force is applied
substantially at an apex of the arc-shaped packagi ng structure. The

packagi ng structure may conprise a conposite |lam nate structure. The
Conposi t&hﬁafﬂ‘i‘qlfég'ég stifUsRte rBaYrdiAVE o R StaNtiafly (R8y AFeshamsr avd 8 BBRINconposi t e
mat eri al iueRge@rce EhappidessuBRYarBgAlal Hhedpid O tBAGRc-ShdRId phditghgt he
conposite structure, and the conposite lamnate structure is symetric with
respect FBUEHE FBGs. The method may conprise forming a plurality of pair of
first and second FBGs in the optical fiber and spaced apart al ong a length
of the optical fiber; and enbeddi.ng the pairs of first and second FBGs in

t he packgb? RECagNg PRI ek CP'Pi‘Bf'?‘g?FOE"R siigdemingte $iryslirei s subjected to a
plurality of strain inducing force, for each pair of first and seconthBGs,
ratin riods in the first FBG conpresses _and a grating period in the
gecondgF%Eeé’)?ma'é‘? }am%atg r??%‘?ﬁ“&?g&ﬁyo r%@f?@efmeffé?)“%g‘ieﬂc%ﬂﬂﬁﬁ FOTRPFiSgat e t he
respect i weatgrail peepdgsf i rst and second FBGs to determine peak reflection
wavel engths of the first and second FBGs respectively; whereby separations
bet ween the peak reflection wavel engths of the first and second FBGs

respect i Tk FEGY magpedligh¥® wWitdi d2th0dthér Within ainsl conpede duBiciurér £hd the
representative

f the respective strai i nduced. EF DESCRI PTI ON OF
DRAW NGSCWBﬂﬁ“tc?qimg‘ﬁ&/\%r P%%ﬁe%‘ﬁ'tm%t"‘a?’vgéf%srﬂeﬁtoé%e Eﬁééddi ng structure of an
optical fiber sensor nodule. Figure 2 is a schematic cross sectional view
of an optyc
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optical fiber and spaced apart along a length of the optical fiber; and embedding the
pairs of first and second FBGs in the packaging structure 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.

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 strains induced.

BRIEF DESCRIPTION OF DRAWINGS

Figure 1 shows a schematic diagram of an embedding structure of an optical fiber
sensor 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 technique for
forming gratings in the optical fiber of Figure 2.



formng gratings in the optical fiber of Figure 2.Figure 4 is a schematic
cross sectional view of the optical fiber of Figure 2 after formng the
grati ngs.wbigawvw7sshows a schemati c di agram of an FBG fabisiGeeasiootnspl at f or m
for witing the gratings into the optycal fiber of Figure 2. Figure 6 is a
schemati c expl oded perspective view of the sensor nodul e of Figure 1.
Figures 7 a) and b) are schematic drawings of a nulti-sensor arrangenents.
Figure 8 is a schematic expl oded perspective view illustrating fabrication
of a senspure@dy|£scHantificecrfsss BediBnal BeN aiTahé GpteadibamopFigurd of gtion
spectrumr rreg}%‘jherrent set-up. Figure 10 is a graph show ng wavel ength shifts
and di spl%® € 9UNGS.t ynction of bending force for the sensor nodul e of
Figure 1. Figure 11 shows a graph of peak wavel ength separation as a
function_of essure for the sensor nodule of Figure 1 for different

t enper at 5%9854.05 ﬁEBW?@ g eg}?a&éi'agf?mmﬁﬁgifﬁwr@ﬁ%ﬂaﬁar%f%wrﬁw e strain
sensi ng. gktiggy ibtoltBeioptical fibevetiFyure Pl | ustrating a nethod of fabricating an
optical fiber strain sensor. DETAILED DESCRI PTI ON An optical fiber sensor
nodul e i s described in which FBGs are made using normal single node fiber
(SMF), aRdumb 16 Dsshehnitic esibddthiperspattivé Sleabfaise §4rider mbeuIBLPFRAE £oNposite)
is required for the sensor packagi ng. An arc-shaped symetrical structure
with a pair of FBGs enbedded within make the sensor nodul e very sinple,
conpact , Figahesst ajeard B)@ive echimatic dbaviagsof £multibensengfinggPduise provi des a
high sensitivity, repeatability and accuracy to the applied

pressure/l oad/ di spl acenent. Thesensor nodul e al so provi des design

f | exi bi | Figyreb@ tsoa sehdnheticsaploided petspeetivé \ian flius@atingrigisricadon bea sahdaer ed
accordin Leact ual requirenents. The sensor nodule is applicable for the
usage ing}gpﬂgti cal sensor networks and smart structures. Wth reference to
Figure 1, a standard tel econmuni cation grade single-node optical fiber 100

with a 250-mcron acryl ate cpatin | T\ T G 65 is used for FBG
Fabri ca TOHC §HE0S B asheRtio byl R ertachamanribml Rerigacfinet b
phot osensitivity. The
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 flowchart illustrating a 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
structure 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 to the applied pressure/load/displacement. The



sensor nodul e 102 consists of a pair of FBGs 104, 106. Prior to assenbly of
the sensor nodule 102 the acrylate coating of two short sections (about
10~20 mmwofoedm@7i78ber 100 are nechanically stripped of PcatsGpoms/deBs ned
positions, and the two FBGs 104, 106 g@re witten into the stripped sections
usi ng a standard phase mask exposure technique. The sane phase mask is used
to inscribe the two FBGs 104, 106. G.ating 106 is witten when the stripped
secti on FSEhEAYERRIRR Pigyidest Frsians flexibilix Pesaess Bie sanspivity eBA $eHRBY to 180
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of about 0.2 nmafter the tension is released. Bl ackmann-Harris apodi sation

2 > ]
i s appl i &PIRE Ry IR WRAIRGN RGP §eRePrMEIYQNET andhIPer elrvHeegaussi an profil e
of the reflection spectrum and suppress the formation of side-Iobes. Each

grating 4, 106 is about 5-10 mm]ong and is_|ocated at the center of the
stri ppeda\gtpé%éreﬁﬁ% t‘h%l%‘é?%? Sﬁ@@rdal‘let?gﬁmﬁ‘@lcﬁﬁ?%gﬁgﬁisé'&'e'f‘”io%PPH%@} vary and

ey be ofigr 1@ withr @vVR5®ehidrbe émb‘ieab?m etklﬁugt ge.@BizP;f@tds@d' fof rmch ?EG
sensor p I, oes ot, oV a a . Ne ad] acen SENsQr,. palr. e
nunber o%lbg%%%'r ER%%'B%rngéA b‘ghf\t’,&ﬁg%ﬁép?‘?\‘;‘? RFreasg PRPOETEMFItVVang® required
byda Earéér@ui &E}dgEMGZC@st?tB ofl B pairFFEGd 304! foa denmdAft eﬁégﬁw tdgethba[lde dth
an t he ower et .o the I nterrogatl on system er apri catli on,
the opti g%ﬂsof F‘Ba?"%ﬂ% § aﬁ@f'atfaW@L@Bét“foﬁh%ﬁféﬁ@%@abﬂbﬂ)@éq BMA hour s)
t o st abi thezfibel NOOBsire0g etimattdalin Gitfippedhéif @0 PROabfired poditivasedndrtte Iwaped fi ber
[ ri ses. of the two FBGs 104,

Bragg gratin F sensor dyl e 102, whi.ch co
206 i PnPaG gt T = ol Es tecrigmesLHioun SR A0 anoad shise Meskoupt ed t o
an FBG iatmsnmgathmquesiﬁh&anié)ﬁhasﬂﬁmaém mh to]giaécribé?ﬁe awe Femef miﬁd
symetri ly.in a packaging structure in the formof a reinforce
conposi tiﬁe}'a rﬁ&?ge@%és, ﬁtﬁﬁr%e% aPBPSq §ORYRD Iseinainedy ﬂ’%é’ Tof the
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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

overlap with that of the adjacent sensor pair. The number of sensors depends on the

sensitivity and the sensing range required by a particular 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 hours) 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 to 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 shorter peak wavelength is embedded above a neutral
layer 112, and FBG 106 with the longer peak wavelength is embedded below the
neutral layer 112, When there is a pressure/load/displacement 114 applied to the



decreases which causes a blue shift of the reflected spectrumof the FBG

104. As a result, the two peak wavel engt hs nove apart fromeach other with
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the sensor 102 will be described in detail. The single-node photosensitive
fiber 10Blowavergdge th’theésmeﬁétﬂc degwm oathGG?B@rpbmnbaﬁm 804 and 106
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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 laminate 110, which are purely passive
components, the temperature effect of the sensor 102 can be self-compensated
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 modulus, or manipulating 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.652) 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.



(about 10~20 mmor any desired length) of the fiber 100 are mechanically
stripped off at pre-determ ned | ocations. The two FBGs 104, 106 (Figure 1)
are wittwoowiw7178e stripped sections 200, 202 (Fi gurepry/seom@oasst andar d
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uniformgratings are used. The reflection spectrumof the FBGis constantly
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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 translation stage not shown. A strain gauge 506 is placed next to one of
the fiber clamps 502 to monitor the tensile strain of the fiber 100 on the clamp 502
before starting UV inscription. During UV inscription, the fiber 100 is translated with
constant speed relative to the UV-fringes with the interferometer controlled
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 reflection 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.



Anal yzer 512 (OSA). After witing the FBGs, the fiber is put into an oven
for annealing (1000C for 24 hours) to stabilize the Bragg wavel engt h of
bot h FBGswbBi2b@v10Ra8nf or ced Conposite (FRC) material is ehoserodempoosebeddi ng
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mul tiplexing of many pairs e.g. 700, 702 of FBGs cascaded in series for

exanpl e configurations as shown in Figures 7 a) and b). Each pair e.g. 700,
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7 a) 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, 706. Different modules e.g. 704,

706 can be located at any desired location along the fiber 100.

Returning to Figure 6, the prepregs e.g. 602 are 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 prevent water contamination
and other contaminants from settling on the prepregs e.g. 602, the non-adhesive
films (not shown) on the prepregs e.g. 802 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 release film 802 (Release Ease 234 TFNP) that has been
cleaned with acetone to remove any contaminants that might affect the surface
quality of the cured laminates before laying the carbon fiber prepregs.



| ay-up. The caul plate 800 is wapped with a |ayer of release fabric Teflon

coated fiber glass or non-porous release film802 (Rel ease Ease 234 TFNP)
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902. The reflected light signal fromthe two FBGs in the sensor nodul e 902
propagat'\n al ong_the sane optical fiber 910 of the sensor nodule 902 is

di r ect ed't HegASORIAGEHaped server p1adule 1024 Figoh preparatinn, pe akc-skareddiagt h
measur engm? Sis used as the base for the lay-up, which is placed in between the non-porous
release film 802 and aluminum caulplate 800. 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 laterally force 904 is applied. A circulator 906 is utilised to couple a light
signal from a broadband light source 908 into the optical fiber 910 of the sensor
module 802. The reflected light signal from the two FBGs in the sensor module 902
propagating along the same optical fiber 910 of the sensor module 902 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
wavelength, 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
linearity.



Under | oad test, the FBG above the neutral |ayer (curve 1000) shows a bl ue
shift of wavel ength, while the FBG bel ow the neutral |ayer (curve 1002)
shows redwehndd102278f wavel engt h, as shown in Fi gure 10. pBotSG200s@v@i8engt h
shifts versus bending force (curve 1099, 1002) and D spl acenent versus
bending force (curve 1004) show good linearity.To test out the tenperature
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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 a first
fiber Bragg grating (FBG) and a second FBGs in the optical fiber are formed in the
optical fiber. At step 1306, 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
the first FBG compresses and a grating period in the second FBG extends.

The described sensor modules can provide stable strain measurement independent
of temperature perturbation of the sensor without additional temperature-isolation or
temperature referencing process and showed a minimum resolvable strain of less
than 1 pe. Due to the all-passive and simple mechanism, low-cost, robustness, high
sensitivity, reliability and durability, the sensor modules can be widely used for
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.
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FBG to determ ne peak reflection wavel engths of the first and second FBGs
respectively; whereby a separation between the peak reflecti on wavel engt hs
of the first and second FBGs is representative of the strain induced. 2.
The method as claimed in claim1l, wherein the first and second FBGs, in a

qui escent state, have different grating periods for providing an initial
separation of the
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3. The method as claimed in claims 1 or 2, wherein the optical fiber is
embedded in a packaging structure such that the first and second FBGs are

disposed on opposite sides of a strain neutral layer of the packaging structure.

4. The method as claimed in any one of claims 1 to 4, wherein the packaging
structure has substantially an arc-shape, and the strain inducing force is applied
substantially at an apex of the arc-shaped packaging structure.

5. The method as claimed in any one of the preceding claims, comprising
providing an optical fiber having a plurality of pair of first and second 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 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 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 strains induced.

6. An optical fiber strain sensor comprising:



aration between the peak reflection wavel engths of the first
\gﬂgrggzoﬁdsgga is representative of the strain induced. 7. The ssor as
cl ai med iwoche/nwrss wherein the first and second FBGs, POTSGRUicHs@8nt
state, have different grating periods fgor providing an initial sepa[rﬁtl on
of the peak reflection wavel ength of the first and second FBGs. 8. - Sd 4
net hod as clai lains 6 or 7, wherein the optical fiber is e de e 4
in the packaging t'P?'J%FUre such that the first and second FBGs are |spose

on opposite smﬂéeasmfa frssfiber Brapgwraily (FRST arRf ats'&@or%@%gl‘dﬁgn gk Y% %(ur €.

Re pac aglng
The neth imed in any one of clains 6 to erein
structurg$ﬁas sdﬁstantlally an arc-shape, and the strain inducing force |s

appl i ed subst @wackbging atruanrea@ﬁb(edmﬁng ’dh@ opti€al $|Bé‘rp§ﬁh\rli:hﬁ§tlﬂﬁ@,ler&ugélrﬂgg{( g re. g

s to

e Ste ns%c%r%@@?%@@nﬁ@%ﬁ' %r%ar%f?@"'gsf’?r inrthe first FBﬁéomemaes as
sltruc grgﬁd@lgiaﬁlnglmgrlodmmelsechFBGrE&thbeaﬁoam nate structure conprises
fiber s f 05|te nat eri a repregs. 12. The sensor as
ol amed i ol arinteBO8r YR ko corfeq fan Brrobitrinae deetoars samond S | gned
with eacle d@thmﬂne\mm reﬂecte:nomnmigtrs F bRl scRBAd FRBSTOPREId; | am nate

ture is ec 0 th FBGs. 13. The sensor “d@s cl ai ned
?Lr;(r:lyu(r)ne of cI ai &Bé ge%% q(?{ %\?ﬁ@e |th €1hv& dﬁﬂ‘?‘%‘&[‘ Wavslangthssofathgl firstal i ty of
pair of and secondFBRsis meprEB@ativer ofeit $tha Bidocatnd spaced aparthal ong a o
| ength of the optical fiber; the packaging structure enbeds the pairs

firstand second FBGs such that if the optical fiber is subjected to a

plurality- of dhe éﬁnsdrrﬂ&udaln@df IOI’(Itﬁm 6the&amhh§&ir§t aHd dddohl Ptk Zﬁlﬁﬁn?thGS

i ses and a grating perio
g;gzlngglz ééi‘%fl'zﬁ e %Q@e 'Setnt ﬁ’t%@r‘%ggg@\?ﬁﬂf %rﬁg’g@%%?ﬁf"?'ﬁlaﬁep?rﬁ“ﬁﬂ efthegat es t he
respecti Q%a'b@ﬂ?@loafvvaveleggthaofcﬂhe;mbmw dedtad FBGdet er m ne peak reflection
wavel engt hs of the first and second FBGs respectively; whereby separations
bet ween the peak reflection wavel engths of the first and second FBGs
respecti§ely Top melbpdcas wiaiped ris déinfs Bsbr aNowhereNthe BEEcA foer is

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.

9. The method as claimed in any one of claims 6 to 8, wherein the packaging
structure has substantially an arc-shape, and the strain inducing force is applied
substantially at an apex of the arc-shaped packaging structure.

10. The sensor as claimed in any one of claims 6 to 9, wherein the packaging
structure comprises a composite laminate structure.

11. The sensor as claimed in claim 10, wherein the composite laminate structure
comprises fiber-reinforced carbon composite material prepregs.

12, The sensor as claimed in claims 10 or 1 1, wherein the first and second FBGs
are aligned with each other within the composite structure, and the composite
laminate structure is symmetric with respect to the FBGs.

13.  The sensor as claimed in any one of claims 6 to 12, wherein the optical fiber
has 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
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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.

15. The method as claimed in claim 14, further comprising coupling an
interrogation system to the optical fiber for optically interrogating the first and second
FBGs 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.

16. The method as claimed in claims 14 or 15, wherein the first and second
FBGs, in a quiescent state, have different grating periods for providing an initial
separation of the peak reflection wavelength of the first and second FBGs.

17. The method as claimed in any one of claims 14 to 16, wherein the optical
fiber is 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.
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20. The method as claimed in claim 19, wherein the composite laminate structure

comprises fiber-reinforced carbon composite material prepregs.

21. The method as claimed in claims 19 or 20, wherein the FBGs are aligned with
each other within the composite structure, and the composite laminate structure is
symmetric with respect to the FBGs.

22. The method as claimed in any one of claims 14 to 21, comprising 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 structure 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.

23. The method as claimed in claim 22, wherein the interrogation system optically
interrogates 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 strains induced.



