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(57) Abstract
An optical sensor and a method of producing the optical sensor is disclosed in which a singlemode fibre (14) is fusion spliced to

.| a multimode fibre-(18). The multimode fibre is cleaved or polished at a desired location from the splice (17) to localise the sensor, the

end (15) of the multimode fibre can be mirrored to reflect radiation back through the multimode fibre so that the radiation re-enters the
singlemode fibre for detection by a detector (24). Alternatively, a light source (22) can be coupled to the singlemode fibre and a further
singlemode fibre connected to the multimode fibre at the desired location by fusion splicing so that a detector (24) can be connected to the
further singlemode fibre for detecnng radiation which is passed through the multimode fibre and wluch has had its property changed in the
multimode fibre.




35 Engi neered structures are usually not nonitored in real-tine
because of the difficulties in incorporating WO 96/ 08695

PCT/ AU95/ 00568 -2- the sensors into the sensing environnent and because of
the limtations of the sensors. Optical sensors overcone these
difficulties by virtue of their inherent properties. In addition, optical
sensors and optical processing system5 are extrenely fast and do not
suffer fromelectro-magnetic interference (EM), unlike their electronic
counter-parts. A sinplistic definition of the nodes that are guided by an
optical fibre can be explained as the locus of all the light rays which are
| aunched at different entry 10 angles into the core of- the fibre. For
any optical fibre the nunber of nobdes that will be guided by the fibre is
dependent on core size, the ratio of core/cladding refractive indices, and
t he wavel ength of operation. Miultinode optical fibres suffer fromoptical
15 signal fading and drift due to the random or chaotic nature of the

| i ght propagating along the fibre. The optical fibre industry has overcone
t he i nherent weaknesses of multinode fibres by the use of singlenode fibre
systens, but these are difficult to handle, and utilise quite 20

expensi ve conponents. The clained i nvention overcones the inherent
weaknesses of multinode fibre optic sensors, is easy to fabricate and costs
relatively little to assenble. Optical fibres were found to be very

m cr ophoni ¢ 25 quite early in the devel opnent of fibre optic systens.

(Cul shaw et al., "Acoustic Sensitivity of Optical Fibre Wavegui des"
El ectronic Letters, 13(25), pp. 760-761, 1977] In the sinplest
configuration, a source of coherent optical ‘
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raéi_ation S used to launch light into a nmultinode fibre 30 and a

phot odet ect or rs the transmtted output signal. Loads, vi nd
acqQustic sign E‘?’an on the multinode fibre causes a change l%ﬁ*eng h&
di aneter, and refractlve i ndex of the fibre, resulting in phase and

pol ari sation nodul ation of the I ndi vi dual " noded supported 35 in the
fibre. [Spillman et. al., "St at I st caI I\/bde Sensor for F| ber Opt e
Vi bration Sensi ng UseQE : BPUCING RES h

mode is modul ated VO 96/ 08695 =
PCT/ AU95/ 00568 -3- differently and them%m%fferent path to
the end-face of the fibre. The transmtted nodes in the fibre conbine or

interfere at the fibre end-pfgg 2RdehBEoR?irelatesS tiooadl \itieal ensor and
detector. The observed |nterfer nce 5 pattern |s I n the({ﬁormof a
FREIUNS act | ng

chaotically distrP8 g Epzcpre : o
on the fibregandomy redl swthuaasdemcepe&bemm wged dn ei:nduaﬂmy and

anpl i tude nodul at| o te?rCt or e u i S
very sensitive. to® 8 5,?(}"‘1 d'uI |o %n
general |y nonl i neathpxr ob&ﬁstlt clehen}tlsasem mmdatdmmtam iwsed tim a
resul tant out put f %gﬁgr e Rawson et. al .,
“Experi ment al and%k%glii?fggl 1 f..%gé,g% &Q%sdeyllln £t| ! F| bers

Proceedi ngs: Si xth Eur opeanP!!GtOnE-EHf seehaolegyvobas: nevodnhd; ash the,
72-75, 16- 19 ¢5ept eohmianita®donb ahdd gensodt£id1ds s Mold s Qliam!ht' | dRéleco

Resear cher s have: 5H8I FaRIS, HEvERPRRRS, & GRHO-ATSCTAARAE Havidiny | dy wide
propagation in rrutvhu:ﬂ:mtg bifb glasehmaterdalynt athtiarial-dopants smd cavdguide
radiation. [De Mag Emﬁ:tures are available and the present invention relates
' to a waveguide sensor which is particularly well suited for
15 detecting and monitoring' structural parameters caused by
acoustic, mechanical, electrical and magnetic events (i.e.

| strain, vibration, resonance, acoustic emission, etc.). 1In

!‘ particular, the fibre optic modalmetric semsor has been

: ~ proven to have good potential for vibrational analysis of

20 structures and for machine condition monitoring
applications. _

Presently, there is a very high demand for
sensors and systems which provide real-time monitoring of
the integrity or condition of machines and structures.

25 Fibre optic sensors, in particular, are very promising for
these applications because of their dielectric properties,
their fine size, their ability to be remotely located and,
‘in the case of intrinsic sensors, rapid response times.
They also have particular advantages in hazardous |

30 . environments. In addition, they have several clear
advantageé over existing conventional sensing techniques
such as bulk optical measurements, potentiometric
electrodes, resistive foil gauges and piezo-electric
transducers.

35 - ‘Engineered structures are usually not monitored
in real-time because of the difficulties in incorporating



et. al., "Mddal Noise in Optical Fibres", Proceedings: Sixth European
Conf er tlcal Comruni cati-on, pp. 76- 79, 16-19 980]
[ Spill %?}561@@95@ "Statistical- 25 Mode Sensor for FFE@M‘@% B%i brat i on,
Sensi ng Uses", Appl ied Optics, Vol.. 28, pp. 3166-3176, 19891 {Ignatyev et.
al., "Fiber Optic Interferonetric Sens-erz 4si ng Mul ti node Fi bers", SIPE
Proceedi ngs: Fiber Optic and Laser Sensors | X, Vol. 1584, pp. 336 345,

1991] They theusensexs tintcathe mhqtmmenheudcbeeausm of ehet he

mul ti mode Hishie A CE ithd ks &0 de 21 "bélioShe! GPEREImE nBee
stationary ter related to the spatlal t enpor a coherence prop ?l es
of the opt ALEE Eﬁ%ﬁ%ﬂw WhREne RE thein rinhegent properties: i ofs,. t hey

Spati o Copotonaany (T hesad Wid ‘9"'@’*‘%‘“ ROCLaRLRy BpetanE ot

: ren eri r evep for spati a |
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mul ti node fibre (overh %%}egi)&élq?is ey f% %‘%ﬁ coher ence

radi us rel suddedoby an jeptikead m:re (qgtpulwleaplzamw §Qrt¢m hcbcl[mrof =633

nm and fi R i %’rst Wi !ﬁkf'ehe e on of .
iae Lighe W|t ch radi ess t € Widfor ?ﬂgﬁﬁ

the nul ti node_fibre end-f ace an or equa

coherthce PRELES daFey the é'd‘% FHABER | y Fom antorkical sfibrery.
Ther ef or e, thie bambexnOF Wd%le:hatr el XI 1KY méwlwm £ibre £oul d be
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: Multimode optical fibres suffer from optical

15 signal fading and drift due to the ‘random or chaotic nature
of the light propagating along the fibre. The optical
fibre industry has overcome the inherent weaknesses of
multimode fibres by the use of singlemode fibre systems,
but these are difficult to hand:l.e, and utilise quite

20 expensive componentl. .

"the claimed invention overcomes the inherent
weaknesses of multimode fibre opt:ic sensors, is easy to
fabricate and costs relatively little to assemble.

~ Optical fibres were found to be very microphonic
25  quite early in the development of fibre-eptie systems.
[Culshaw et al., "Acoustic Semsitivity of Optical Fibre
Waveguides”, Electronic Letters, 13(25), pp. 760-761,. 1977)
In the simplest configuration, a source of coherent optical
‘radiation is used to launch light into a multimode fibre
30 ‘and a photodetector monitors the t.ranem:lt._t_ed output signal.
. Loads, vibrations and acoustic signals acting on the
multimode fibre causes a change in length, diameter, and
refractive index of the fibre, resulting in phase and
polarisation modulation of the individual modes supported
35 in the fibre. [Spillman et. al., "Statistical-Mode Sensor
 for Fiber Optic Vvibration Sensing Uses", Applied Optics,
Vol. 28, :Sp. .3166-3176, 1989] Each mode is modulated

v



15" individual nodes or the inner core region of a nultinode fibre have

been di scl os i art. One such met hod invol ves placing a
\ I'SC ﬂogﬁ’g&?ﬁ p g9 P@ﬂﬁb@/ﬂ&d@

fiQre inclo ty to various |locations on the end-face o

mul ti mode fibre in order to selectively excite a single or limted nunber
of 20 nmodes in the nmultinode-fibre and thus gtabilise the fibre output.
[White and Cooper, "Selective excitation of the Mddes of Miltinmpde G aded
| ndex Fi bers", FwdﬁffﬁiénﬁlyEiﬂdhtﬁhreﬁeﬂé'tfbﬁémseacdiiﬁefphtcphth to the

Communi cati ons, pp..95-98, 16:19 nmber,. 1 :

second met hod, eué?QFéa%%s?écﬁﬁﬁnﬁfgégmn #ﬁetﬁggé?ﬁitgﬁde g?ﬁaﬁnlgﬁg 518”3
spatial filter eucqu¢nenoritnUQaﬂere atothecfibyeonpdofacphcandcbhecpattern
pattern output ofy2 pubdiPldend! OhE §&eQ§£Q§t agﬂa%sda&%aoanea&fa&aaaae

the optical power In gl ven tion_or
enmi ssion se S|mjﬂﬁﬁﬁﬁnoﬁstﬁﬂstbﬁlﬁ@?ﬁl@fhﬁscbeeﬁiSGEEXSQiEFF}b“ted speckle

denmonstrated in rw@e apﬁircéictéf‘n&!.eﬁértﬁfﬂhtiehs ibtingsbﬁuth&nfdb&e
Singl e Fi ber Optical

t
Structures", SrarTaRfl Yaf%ggﬂéggPPﬁﬁ?uéﬁnSIngLQT %gefggw %9 a, §§splsant
[ Cosgrave. et. al .ampPivudé i modtibat donnpevcelbuweldi at thecllatgetorn. Checause

Lgsgggtgg4sugggg;é€£§ &§£Q€E§€%+g8%§ 55039  SensiELvE £6°83LE%RaY vhtiatlons
PCT/ AU95/ 00368 - andhthefasplitude sodulatieni is genpraliysnoplinesrivdi ng
of Fiber Optic Se?éf%f%\fé?&iﬁgg ge gbglt %oiﬂ&:ﬁﬂﬁlbﬂ”ﬁbdﬁiﬂiﬂbﬁ?cihén

Conposite Materia . PR
1993] 5 resyjtant p?vswars grakoguffasacdeep §efﬁep i*@ﬂ-ﬁsr

of di Sadvalnt ages. (hewBeni el smppor‘-kxps:maatahl jngeadadytdcali Grudydof
nalntaln a |gnnequoga1thgise in Optgcal Fibers", Proceedings: Sixth European
| 15 Conference on Optical Communication, pp. 72-75, 16-19
September, 1980] This behaviour limits the use of
multimode f£ibres in systems which require signal stability
and reliability. '
Researchers have analysed the spatial-temporal
20 ‘coherence function propagation in multimode fibres when
propagated by a coherent source of radiation. [De Marchis
et. al., "Modal Noise in Optical ribres' Proceedings:
Sixth European Conference on Optical Communication, pp. 76-
79, 16-19 September, 1980] [Spillman et. al., "Statistical-
25 Mode Sensor for Fiber Optic Vibration Sensing Uses",
Applied Optics, Vol. 28, pp. 3166-3176, 1989] [Ignatyev et.
al., "Fiber Optic Interferometric Sensors Using Multimode
Fibers*, SPIE Proceedings: Fiber optic and Laser Sensors
IX, Vol. 1584, pp. 336-345, 1991] They found that the
30 spatial-temporal coherence function at the multimode fibre
end-face is represented as a sum of stationmary and non-
stationary terms related to the spatial and temporal
coherence properties of the optical signal and waveguide.
Summarising their calculations, they derived that a
3s multimode fibre with a given index profile possesses
spatial coherence filtering properties, even for a
spatially incoherent source of input radiation. In



and external spatial filter, therefore increasing the overall bulk and
expense of the final systen1 In addition, 10 t he arrangenent woul d be
susceptY BPE#Y49ES noi se and i nconsistencies resul ting from ERFAWHIENS al
conditions, ie. tenperature fluctuations, vibrations and fouling of optical .
surf aces. FurthernDre, for practical eqmulcailons t he sensing region of
the fibre cannot be |ocalised and, 15 therefore, the systemwould suffer

froml eafl ba:rﬂm?srsiddadm etnotales ;{&méf&ﬁmmsmhafsﬁfapftthel
prior ar i in Ay | ilters.i a e, optica
signal is ?g’hg Sut® M«faﬁ% @?%%ﬂ@%’z@ ?%‘?V\él?’ gh guif
direction, 110!!9 dengths lof muldigmeds EHdhren(ovar i2 méters) chgi red | n
preferred 4Gt gqp Y

predi ct ed ?%Q?i?#gi%ﬁéci&%&% caoﬁééfh%?éejcf+&% f%e é%%a*é?ence
radi u r egth® wavelengil (tymicaldw 2 W3 WIS at kx633 mmheandn€ibom of an
opti cal spmriwlewdnd I errareficyd) adie %&me‘caﬁeaﬂﬁéﬂ%eve the

qual ity of e tr sm eam i nproved |in r| t reduced si gnal
fadi ng, aﬁﬁdt %qﬁ’ @Pé %ﬁ &ira ilﬁ!)e'ib@t?‘ﬁ
Interfer onem:uad Son tives dahiereride irad:ldm fﬂbuldzlmr@bnsﬁ&ﬁ&’rmeﬂ

Fi ber Opti g Vol 3 1991 Hovvever
their sugges?ﬁ%&g%dsm € sé!hrfs%z?.%efbs Sk |i€%ﬂ gxba? %ﬁ Tical
si gnal0 to Fegdemios the nnﬂqmare ifidren aould e manitoxed| at er al
direction, iBidepRRiaert 1" Eoolt/ Uh elitiisd icike Trdde e%ﬁe%g@&gﬁg o

preferred g&pl I.cations. Soagn af t.erwgr ds, apanes an ossiter s

moni t or ed . %derli
PCT/ AU95/ oeaaalmuq e rdduetdash fm@ﬂwﬂ anacmh@ w@:@m@lﬂné.l ore

A number of methods for isolating either
15 individual modes or the inner core region of a multimode
fibre have been disclosed in the art. One such method
involves placing a singlemode fibre in close proximity to
various locations on the end-face of a multimode fibre in
.~ order to selectively excite a single or limited number of
20 modes in the multimode fibre and i_:bj:s stabilise the fibre
output. [White and Cooper, "Selective Excitation of the
Modes of Multimode Graded Index Fibers*, Proceedings: Sixth
European Conference on Optical Communications, pp. 95-98,
16-19 September, 1980] | -
25 - In a second method, and the most common known in
|  the u:t, an external lens and spatial filter arrangement is
used to isolate regions of the speckle pattern output of a
multimode fibre such that a photodetector can measure the
_opt:lcal power in a given group of modes. Vibration or
30 _acousti.c emission sensing based on this principle has been
successfully demonstrated in numerous application areas.
[Fuhr et. al., "Simultaneous Single Fiber Optical
Communications and Sensing for Intelligent Structures",
Smart Materials and Structures, Vol. 1, pp. 128-133, 1992]
35 [Cosgrave et. al., "Acocustic Monitoring or Partial
Discha:ﬁes in Gas Insulated Substations Using Optical
Sensors", IEE Proceedings-A, 140(5) pp.369-374, 1993] [E1-




dihphragmin close proximity to the nultinode fibre and found that the
concept was sound.. The response of the multinmode fibre, which

previ ously cﬁ%ﬁ@‘g%ad beconme 5 stabl e and di spl ayed a good%’gn?ﬂ?ogﬁ ve
response. Furthernore, by extending the singlenpde fibre to a sufficient

| ength the signal to n0| se rati'o (SNR) was foupd-to be greatly inproved.

[ Tapanes and Rossiter, "Practical Application of Fibre Optic Sensors to

Engi neered 10  Shietdisiraesd R 0GR extAA e 'Cngpds m&wm@-mﬁincabf

o Be a0 Thbe Bk apoiad A ras iy MERER, Sheaieipladly,

Sensors to Engi nConfierénce ton MsMIMeﬂaMndmwwh \Wadsfid, Spain,

Eval uati on Usi ngyg,qCorpo t al C oceeding: Ninth
I nt ernati onal Confer e%e%&; e‘(dﬁrp‘g{sdl te e?"l'sa?ﬁ (IcCM9), Madrid, Spain,

Vol . 2, pp. 305-412, July, Thes® vrd-mheshmm.t dowanex . auiten from a
MUl ti mode Sensor puRitaE NN Rt ¢l 21 Imwféaﬂlﬂgiep@rﬁleanaﬁnft

{err]=670.6 nm The aser d| ode p Wwas, PC-connect 0o one_port of a

tal I
633 nm si ngl ennd®® tﬂ"% Frintain plionnen nthei ffPERpgtens
fibre with 9/125 apa rd:menfaal Cdpxiﬂlxlg £l vert o reitarefore olncrensihgcehsas

Ueing o Dor ) an nedeEatl, BN and SRl o 'dHe epaf B0y mr%n A S48 Elon,

fractured t30 ni nitines annahgesiantc wanlsl beansceptible tot goandof t he

coupler was ST-c Qémilﬁf?n Q‘%& m@&g&@n gﬂgvas
used as the nulti m)ge Eapprom mat el'y nodes senS| ng bre ang

633 nm 3.7 [err MR-clommararure flugtaations vikrationerangdsfoulingsof
di aphr agm an vel loptidal Grideees\Nd !&ﬁﬁéﬁ&ﬁp%éﬁ%r&éﬂi@éﬁ i?ii@ﬁtibﬁs

senoing Tealon. KU S SR U5 s Bl Gl S Ta A L08" Do
t echni ques by usmrlgmﬂm:mamhmlsﬁﬂemmmmﬁen fromnbesd-ih f£ibrei ngl e
and mul ti noded sensitivity.
Another significant disadvantage of the prior art
methods utilising external spatial filters is that the
optical sigmnal is coupled ocut of the fibre in only a
20 forward or lateral direction, but not in the reverse
direction, as is often required in preferred applications.
In a third prior art method, Ignatyev et. al.
predicted that a narrow core fibre, if coupled directly to
the “coherence” radius region of a larger-core fibre, would
25 perform the function of an optical spatial coherence filter
s or diaphragm and hence greatly improve the quality of the
i transmitted beam, le. improved linearity, reduced signal
| fading, reduced signal drift, etc. [Ignmatyev et. al.,
"Fiber Optic Interferometric Semsors Using Multimode
30 Fibers", SPIE Proceedings: Fiber optic and Laser Sensors
IX, Vol. 1584, pp. 336-345, 1991] However, their suggested
embodiments of the sensors still required the optical
signal to be coupled out of the fibre in only a forward or
lateral direction, but not in the reverse direction, as is
35 often required in preferred applications.
Soon afterwards, Tapanes and Rossiter selected
and monitored a small diameter, central region of a



fibres by butting the fibres agai nst one anot her and WO 96/ 08695 %

PCT/ AUQ5/ 00568_-7- mechanically | ocking themin that positj
pr eci s_iv%‘p%?"bove of the mechanical splice and the i den?ﬁ&%%&gﬁ%gl I

diameters of the two fibres ensured that the core of the singlenode fibre
was maintained in alignment with the 5« gcentral region of the nultinode
fibre end-face. Furthernore, by mrroring the end-face of the nultinode

fibre, the wpltinddeifiblrerendrfiacet bytbtacingcal sipgliemodanfibaei s in the

reverse di regll Ssb S ' ' CLi | i .ons. s This

arr angemnent reslgﬁge‘g 'fldrl\ %féég%is%gg%{'ﬁgdhanﬁﬁi'%ggkfnli@fge :g%tt::ec%

i nt er f er onef@ind yFRat \ehg coRceptswaassoundear Fhe respamse of tduced drift
i Sadvant acreoad 1 E0R8, Anboh W PEevSUBYP! chASHLS! S Ll Beboid O] !
preven en\ﬁ?%rﬁﬁ ‘Eﬁ?ﬂfﬁ%&s‘f?ﬂﬁ#a EEFiﬁQ"‘-i"H@ FeSPORSe; | gnment and
sepﬁr atior_mthm' : lSMCCK._ _mi.iﬁc Eh?ssdhca.duoa. sdeagibreqto @ t hat ht he .
mechani ca i ' e_sensi.ng ,eai.on and that the
Tt mode. (PEFEESuRE, PEAbER URe o R¥BKY' £ no0RR  ERR LS (BRR) oo Eonad
Ther ef ore, tddbe @reatlyi improvede séfspanes ahdsRpssdtex;t "Praatigad i s

linmted to ges i | t 0 :
Flum hgr m?eﬂngic %ﬁ%%eggfﬁgg @%‘ﬁﬁ%ﬁfﬁr%mag%&% ehsir%)res of

stand&Pd diSkErekareats Preeeadings; sAustralisn.Conferense: onPpsdcadal
fibre to stpfibbé TeShRSIOTIHRLZA(ACOFY 297, KbbaRt)BTaBRAndAGessarily be the

Trechan cal pPtEeLEl TRt ZA0CFL3 | BPRLoRE: 1FFa) irennats, and and
t her ef ore, Rossitex n"Ptactical happbication of Fibre Optic Sensors to ‘
_ Engineered Structures for Real-Time, N_dnde_s_t:_ructive
15 Evaluation Using a Composite Material Patch“, Proceedings:
Ninth International Conference on Composite Materials
(IcCM-9), Madrid, Spain, Vol. 2, pp. 405-412, July, 1993)
| Tapanes and Rossiter comstructed a multimode _
sensor using a singlemode pigtailed laser diode operating
20 at A=670.6 nm. The laser diode pigtail was FC-comnected to
one port of a 633 nm singlemode, 3 4B (2X3) fibre optic
coupler. A 1300 nm singlemode fibre with 9/125 um
core/cladding diameter and mirrored end-face was
mechanically coupled to one of the sensor ports of the
25 (2X2) coupler using a Dorran niachani‘_ca_:_l. splice. The other
unused gsensor port wag fractured to minimise end .
reflections. The remaining output port of the coupler was
ST-connected to a photodiode. The 1300 nm singlemode fibre
- was used as the multimode (approximately 4 modes) sensing
30 fibre and the 633 mm, 3.7 im core diameter fibre-lead of
" the coupler was used as a diaphragm as well as to deliver
and return the optical signals to/from the sensing region.
The sensor lengths used were typically 70 mm in length.
o  Tapanes jand Rossiter overcame some of the
35 disadvantages of prior art techniques by using a mechanical
splice to maintain alignment of the single and multi moded
fibres by butting the fibres against one another and



36 conbination .of fibres used. The present invention provides a nethod

for producin i ncl udi ng:” ‘provi ding a singl enode opti
fgrmed from §’%§3‘ de material and having a fibre core; 35 f’éflA{Jbsl?Jogss

providing a nul ti node wavegui-de.and having a wavegui.de core; fusion
splicing the singlenode fibre - and WO 96/ 08695-
PCT/ AU95/ 00568 -8- nul ti nbde wavegui de so that centres of the cores of the

si ngl enode f|tneamﬁmhsnﬁéannﬁeluaxeggldngmrEnathge ositionnni Fhiei pyedcdsion

the fusi on spl i o FEarva pLrhe A %@a?i‘%ﬁf“séégﬁge% B’ dpriscpd berans
| ocal i se the sensiiameverscofctbertwocfibirag eunsupedi thatit tbe eogengifetheae

of el ectronagnetIﬁﬁéﬂ@ggpfﬁgﬁagﬁgwihesenaaei | AgugERdae WIES toam o

| i ght source such as a proga ates al ong

fibre. When5the $eRFFakorpgioncafnthe: yu ﬁgFPﬂﬁnﬁébﬁavEQGrgécﬁhe

si ngl enpde can brmmamoret Wtﬂbﬁﬂﬁéeﬁhﬂﬂ ahanfabe sul thsodewimeaul de

so that when the tlnD e fibr i en cha gg %g

0 the emvi ronmerkibter cEke oBREARE DFAFEAL  FRPUFRRALES; LRnc SREAEATORRBREM .

radiation in the @mﬁpeﬂﬁd&smaneghedteveasbedﬁteettdn,Laghismbfebnhaeqhaded

its property alte gui n n fi r

fromthe nmulti moigk%/gﬁéﬁ‘g%ﬂ#ggggg ron by'f"lﬁl'!l'g éﬁ? h ng e%kgg‘i@% 13

Cl eavi ng or 1fol i ss@ reabled tmuln et £ibre optigulidterfergppterit wikthovexy
1p IDe itimodet £4b dguit (] 3

mrroring mteriabod® £6 e&#.sﬁier £hahi9yD3ak 11818 H5' F6REeA" akiFtOlna

splicing of a S|nglenDd Ibre tor enabling |1 ght to pass
fading.

This prior art method, however, suffers from a
number of disadvdntages. The mechanical splice requires
.15 mechanical support to prevent environmental conditions from
affecting the fibres’ alignment and separation within the
splice cavity. This disadvantage requires that the
mechanical splice be located well away from the sensing
region and that the multimode fibre sensor be of sufficient
20 length to allow for this. Therefore, the localisation of
the sensor in this prior art technique is limited to
relatively long lengths (usually 50 mm and greater).
Furthermore, mgchanical splices are manufactured to couple
. fibres of standard diameters (125 pm). This limits the
25 choice of optical fibre to standard telecommunication
types, which may not necessarily be the most appropriate
for a specific sensing applicgtian. In addition,
mechanical splices do not couple fibres of different
~ diameters and therefore, once again, limits the possible
30 combination of fibres used. _
' The present invention provides a method for
producing a semsor, including: '
providing a singlemode optical fibre formed from
a waveguide material and having a fibre core;
35 providing a multimode waveguide and having a
waveguide core;
fusion splicing the singlemode fibre and



fromthe nultinode wavegui de to the singlienode fibre and then to a detector

wi t hout (Yg %5\&% on enabl es size of the 25 sensing porti %ﬁ%%ﬁﬁst he

mul ti node wavegui de, to be controlled so that the sensing portion can be
made considerably smaller than in prior_art devices. Preferably the
si ngl enode and nmultinode fibres are prepalaed. prior to fusion splicing by
cleaving or 30 polishing ends of the singlefibre and nultinode wavegui de
to establi sfmilﬁimdaoﬁhveguldeesoathhhecon&tdif ofhehe myprpdE ftHe e and

nul ti mode way Egy:! e ' er eavi ng
or polishing a %ﬁoég f%gél#ug ﬁﬁ e} ngqug romat‘;"Le afaﬁ#lo g‘ﬁﬁl

est abl i shes remaim. ngGhaGutth!D&ﬁ-csheaa@sl red | ocation. Preferably the
flat smooth surface atci&ﬁvﬂﬁé'éfg?olim%/ £88%uitimode waveguide,

PCT/ AU95/ 00568 -9- location is coated With a mrroring material to reflect
radi ati &n ba%ﬁt?ﬁr%ghfﬂﬂ§°ﬁuﬁﬂ-ﬂﬁa§9wa9§g&| desired Jocation spacadhde
fibre to a detchitthg SpYiee. tblomauau_iggntmohmgﬂqbodl nment the cl eaved or

pol i shed mul ti node 5 uide is fusio t a_desi,red |ocation to
a singl enode fibre \/\hl%‘?lwa\"hgtﬁ?ﬂ’?§ 2668 F@?PBOE ﬁé‘%‘&

Preferably tmslegbéemdﬁ élécbrmmpiedradhﬂtoghﬁ.ssdmumhmd.m:o
detecting d

ega | I a |
wavegui des an SI n len%geflf 'e'? a%gaf as?(k)'*h% %oc‘:ie d tri')‘tend{H(‘)I ?EL%
rel ati 8@shi pand rm#qaqeasalemn FhBuFémé-eméﬁ fmra-hemw@em-a
plurality ofssuiecpBaenbisbeRs Bhteinsle waveguidel LHeS HIHJTeRdR |deg0de

15 waveguigos N our®iBts St p inSaad SToEin the tnltinode
waveguide so that when the mu?-_l.t:imcde fibre experiences ; ‘
change due to the change in. the environment it is

15 monitoring, properties of the electromagnetic radiation in
the multimode waveguide can be altered. Light which has
had its prope:ty"a.ltered in the multimode waveguide enters
- the singlemode f£ibre £rom the multimode waveguide for
detection by the detecting device. Cleaving or polishing

20 .of the multimode waveguide for application of a mirroring
material to reflect radiation back to a detector or fusion
splicing of a singlemode fibre for enabling light to pass
from the multimode waveguide to the singlemode fibre and
then to a detector without reflection enables size of the

25 sensing portion, namely the multimode waveguide, to be
controlled so that the sensing portion can be made
considerably smaller than in prior art devices.

‘Preferably the singlemode and multimode fibres
are brepared prior to fusion splicing by cleaving or

30 - polishing ends of the singlefibre and multimode waveguide

" to establish flat smooth surfaces at the ends of the
singlemode fibre and multimode waveguide which are to be
fusion spliced.
Preferably the cleaving or polishing at the

35 desired location spaced from t-;he_ fusion splice establishes
a flat smooth surface at the desired location.

Preferably the flat smooth surface at the desired



connected to a coupler which in turn is connected to a further singlenode
fibre to forma nultiplexed sensor. Preferably the nultinode s a
‘mgl ti mode fi Y0608SS Thus preferably the inventi onwsgjg%lds

to reside in a nethod for producing a wavegui de sensor, including, but not
limted to, the steps of: Preparing a singlenogle-and a nultinode fibre by
cleaving or polishing their ends so as to establish a flat, 25 snoot h
surface. After taldax;:ﬂm%e&oawemn o mirrosinyg cnstyrialt 8o ﬁeﬁlécf:rom

i atualon opl | ASsEEEReR Here KPS e et R RGad v ?%@ﬁﬁppro 3 BpgaGpne
desired fusion amdnglemmden fibxs mmta; detienting i devige. vqg p:.ncedure

may be repeated aﬁ:{a{._rﬁg}t &ibdd c#ég,; I t
‘inperative, a preferre roce ure% |C|n% t%ﬁ 3‘gres ‘lhn% ves settlng
the fusion sPli cMayesEidatis sfwkqn iged 3t «desizedplogation tadaand

not whol I'y fused gihgA dnistd Fibre Wwhifch {RNE@Fn $ilClouPplédotyi & Qetebt
separating the fl% S is observable. 1In this manner, the smaller core o

t he singl enpde fi S not taper or nerge with the | ar ger WO 96/ 08695
PCT/ AU95/ 00568 - 10 - core r¥efidrably tthe deirdglumode dfibierid ceeupled to a

essentially retai | Lgin ia | z€, core and overall

di aneters gf t he 1;3.%5412503{51}%& %ﬂ_@égég%ggﬁén%?g{?%h stages and/or .

V-grooves nk® be used on t Rrefierabiy @ nduvrpabity ghaultinode aveguides
li th

align the cores gnd *ﬁﬁg}’&;{d&f ?ﬁ@rﬁé rfuédi:&?oﬁb}ﬂ’éé&' {9 8h8cedueha

D fferent conbi nations | ng_r es may require a
different or uni Qrforn & iagirdistrikuted sensor.

In other embodiments a plurality of singlemode
fibres are fusion spliced to respective multimode
15 waveguides and the plurality of singlemode f£ibres are
connected to a coupler which in turn is connected to a
further singlemode fibre to form a multiplexed sensor.
Preferably the multimode waveguide is a mltimdde

fibre.

20 - Thus preferably the invention may be said to
‘reside in a method for producing a waveguide sensor,
including, but not limited to, the steps of:

Preparing a singlemode and a multimode fibre by
cleaving or polishing their ends so as to esta.bl_iéh_ a flat,

25  smooth surface. After taking necessary precautions to
remove any contaminants from the cleaved or polished fibre
end-faces, the fibres are placed end-to-end in a fusion
splicing apparatus and fused together using the appropriate

~ or degired fusion arch times and currents. .The fusion

30 splicing procedure may be repeated a number of times if

' necessary. Although it is not imperative, a preferred
procedure for splicing the fibres involves setting the
fusion splicing parameters such that the fibres are
abruptly fused and not wholly fused in a tapered-like

35 manner, such that a visible line separating the £ibres is
observable. In this manner, the smaller core of the

- singlemode fibre does not taper or merge with the larger



Preparing or connectorising the free '-end of the 10 singl enode fibre in

any manper which facilitates attaching, connecting or couglli

si ngl enmbiR269867 -part of the sensor to the appropriate coﬁ%*’gg?'%b%sand .
arrangenment of |ight source, coupler, photodi ode and signal processing

el ectronics. 15° Cl'eavi ng or @l i=shing the multinode fibre at

any location after the fusion splice so as to establish a flat, snooth
surface. Thequesiaf mmm&mvﬁ-hxe pahd 5 ehexeférer essebtialbiy t he

local i sed | 150 W Bt difn "E0R01 | HIE' 006 mnh' obrR? sible

to produce ca se sensi ng |'€ss_ than

nolinmt to& |%t#ilb¥me#s t'Ffa‘ﬁ lm%%eiﬁrﬂpeéeﬁrws%ﬁnigpt i cal

attenuation & Add/d W QFrddire %d%ﬂ@d%ﬁaéhebiubﬂéﬁcﬁ 18:ghRgbend
sw; e avadﬁafa 1955800

ok ng 55 " annanasiie, U ennrahes 4EEaRo0b FoPes o, Hhe ES: FLhrene

t aki ng
cl eaved or pﬂﬂaﬂ‘e(thajlﬂusm splivingprécedura. scbiffedenerti on of the

Ts:ub[ gbl IenfnI rrori ng mat er i a€ fhgl %m g‘&‘% #%%éiawrg%ﬁeﬁigﬂt d @

A preferred dﬁﬂmﬂbmmuniﬁﬂmgth@Muthmaﬁlhinerﬂltmtensol ves
placing the fibre in @WW%ﬂ&emww {f doéaefels

then coated with a netallic terial such as Au, Ag,
di el ect®ic HR Y |RABRRLL nﬁ“éﬁ#%tsﬁ atﬁﬁeb&m by
usi ng therrmiowwé lm,cdiﬁiﬂ@maiﬂwwmﬁé-ﬁaﬂ:tefleﬂe Other

coating or mrror| terials and techni al so be ut|||sed
56/ 08605 Bedsor 'Eb Ehe’ dproptiatd Coustiss % §0f In a

opt i onal errtiac#hterﬁquztda& rmuﬁhturﬂbtodiode and signal processing ‘
electronics. :
15 c1ea.ving or polishi.ng the multimode fibre at any

location after the fusion splice so as to establish a flat,
smooth surface. The position of the clé_ave or polished
surface establishes the localised length or sensing region
of the sensor. Therefore, it is possible to produce
20 localised sensing lengths iess than 1 mm long. There is no
- limit to the maximum length, other than those imposed by
the optical attenuation and scatter:l.ng of the waveguide
material, by induced microbend losses or by limitations of
the optical components in the system. After taking
25 necessary precautions to remove any contaminants from the
cleaved or polished multimode fibre end-face, a selected
portion of the fibre, including the end-face of the |
multimode fibre, is mirrored with a suitable mirroring
material (ie.. a metal or dielectric material).
30 A preferred method for mirroring the multimode
' £:I.bre end-face involves plac:l.ng the fibre in a vacuunm
system and the prepared fibre end-f-..ﬁc_e is then coated with
~a metallic material such as aAu, Ag, Al or Ti or a
dielectric material such as TiO,. This coating can be
35 prepared by using thermal evaporation, electron beam
evaporation or sputtering. Other coating or inirroring
materials and techniques may also be utilised.



sensor and/or the exposed fusion spliced region may be protected by

encapsul ati nguebesgdd | Ng the desired region in a suitable matepiplaubéboses
ulitravi ol et acryﬁ ate, epoxy, 5 etc.). Any suitable |ight source, coupler

and phot odetector may be used with the sensor. The required optical
properties of the |ight source are such that fi1ght -may be | aunched into and
propagated in the singlenode 10 waveguide. For |ocalisation, the |ight
propagated i n a singl enodeIhi hncopbdondlr embodiment!;e thic dahmfaaruded

entire period of ' € i fd | ght i chéd'
I nt Iort hg II:Y:,H ti rroagh?%?re /tc?% tt#ee gﬁg@%@oﬁ?@r e, G'l'?'eévécaaraeﬁé%gcfe'ls r?tflg%e
excited and the PFoteied #p'deacmudaﬁﬂna e m&nme:hq) dﬁﬂi% region in
paraneters. Onceg! Raijlatiile h&t'e&‘li'lqhQQeQ?‘%ﬁz‘MJﬂ& A raeule dpdkg, from

the nultinode fibre, only a'single node is supported and travels to he
opti cal con'pﬁ)nen&‘?cof)"t he system Lead-in/lead-out fibre desensitisation

and sensor 20 | ocal i sati afiyl sudebteclight! Bourda)nSoupler RNt cal
applications, the,sin nmode fibre.shoul d b sufficiently |ong t

o Fenuate arl ol PHPEHACERREOD Moy b 8sd (R Ehe SedRey . 3pe crduifiad o
The invention al opticali geopertdescof rtheudight Zource are such thatyl Highie
opti cal -fibrefo;nE?d Lde | r&ﬁa ' ; and
a mul ti rode wavegu dgﬁwgq#%%$$§€ﬁ¢%§ nmu ignii)ﬁfemﬁlaélaeegui de
bei ng fusi A spl Wa¥eguddehe Foxglosaddsatdian, therldght mrapagatedsinfa t he
cores of 30  thgiriglEnemelE 1N SHOA & HhaiRi igXHYA diddea Aerald dipel and

remain fixed at the ,splice;, and wherein the nultinde wavequj.de is cl eaved
or polished, aft QP':H% Perded of srayel, in She singlemade - f (R (Hhe
fusion splice tolight iise lanficheds dhtodthe multimode Hrilxg ddom tdlte

cleaving or pol i 4939 e #4858, Gdvetal! hheiP 3t Bd Whdiied USd P! ' CO
15 multimoded fibre will be sensitive to various parameters.
Once the light is launched back into the singlemode fibre
from the multimode fibre, only a single mode is supported
. and travels 'to the optical components of the system.
Lead-in/lead-out fibre desensitisation and sensor
20 localisation is achieved in this manner. 1In practical
applications, the singlemode fibre should be made
sufficiently long to attenuate all cladding modes in order
to improve the signal-to noise ratio.
The invention alsoc provides a sensor including:
25 a singlemode optical fibre formed from a
waveguide material and having a f£ibre core; and
a multimode waveguide and having a waveguide
core, the multimode waveguide being fusion spliced to the
~singlemode optical £ibre so that centres of the cores of
30 the singlemode waveguide and multimode fibre are aligned
and remain fixed at the splice; and
wherein the multimode waveguide is cleaved or
polished, after fusion splicing, at a desired location
spaced from the fusion splice to localise the sensor.
35 _ 'Prefe:ahly the cleaving or polishing at the
desired location spaced from the fusion splice establishes
a flat smooth surface at the desired location.



a flat snooth surface at the desired |ocation. WD 96/ 08695

PCT/ AU9 12 - Preferably the flat snooth surface L red
| ocat i oﬁ‘l(?g‘?@ggﬁ ed with a mirror material to |ocalise theﬁgg%;bg Ia%ﬁén
anot her enbodi ment the cl eaved or polished 5 mul t i node wavegui de is
fusion spliced to a further-singlenode.fipre which is coupled to a
detecting device. Preferably the sensor includes a |light source and a
detecting device. |In preferably aheBlut EuorH ﬁ\iﬁaﬁueatlmetdnaﬂﬁed

that ol ot RRRGAPE 3 PR RS SO o kST PR ISR B0 0

propagat es @emsgx.ne singl em)de fibre and al so al ong the nul tinode
- wavegui de 4 wherg) i r ue to 15
T AR e 1 e ded 'S POE{ Silkd

changes in par amet er noni tor ed, and the radiation is

reflect®d f%ttm ayegl %t’él%’%k‘&l%@ﬂtm aufeFEBeEE wavegui de
and si ngl emadargiidiicid Fivial aHicH £ é&i@me@éiﬂgﬂdeaéefngl dev08B.

enbodi nents of the inyentjon lL.yrali 20 I ti wavegui des and
si ngl emode fibres ar e‘ﬁ?gﬁ?@ﬁr#ﬁj% ’é?‘é)!" T)r%\rﬁ')géht scurce an&‘

nul ti-di striebdetectsingprdéavige ot her enbodi ments a plurality of singlenode
fibres are fusion spli e 0 I @%W €;.Sd | bres
are coupled to a coupIIe%r \ﬂtﬂ? é?él arn coupled ?Pod"ggl 1%%;‘?@(’&4

si ngl ehbde fliiight tgoymes Al MQ‘:MM&QM qoapiadetoi thesensor s

according t Tendie !ﬁ‘h g}% SEha n Qﬁcﬁggl neering
structures %’Haf abr| cat@eﬂ t?rgs] délr siaﬁ: S| z%ﬁe%';ﬁa Teismt %mto e used '

in diffi CU| gFopagates along the ‘
sing_lemode f:l.hre and ‘also along the multimode waveguide
wherein properties of the radiation are altered due to
15 changes in a parameter which is to be monitored, and the
radiation is reflected from the mirroring material back
along the multimode waveguide and singlemode fibre for
detection by the detecting device. : :
In some embodiments of the invention a plurality
20 of multimode waveguides and singlemode fibres are fusion
spliced end-to-end to provide multi-distributed sensors.
In other embodiments a plurality of singlemode fibres are
fusion spliced to multimode waveguides and the singlemode
fibres are coupled to a coupler which is in turn coupled to
25 a further singlemode fibre to produce a multiplexed sensor.
| The waveguide sensors according to this invention
can be used in real-time to monitor engineering structures
 and fabricated items. Their small size enables them to be
. ‘used in difficult-to-reach areas or embedded non
30 intrusively in an object for in-situ monitoring. The
concept of incorporating the waveguide sensors into a patch
body provides protection for the gensor and allows the
patch body to be adhered to the surface of existing or
- completed structures. .
35 Utilisation of properties and characteristics of
the electromagnetic radiation propagating in the waveguide
gsensor also enables monitoring to take place in a

v



30 intrusively in an object for in-situ nmonitori ng The concept of
I ncorporati vegui de sensors into a patch body provi de ﬁﬁkk#’
fgr the senga?a‘g@gx% | ows the patch body to be adhered to the surche 0

exi sting or conpleted structures. 35 Utilisation of properties
and characteristics of the el ectromagnetic-ad ation propagating in the .
wavegui de sensor al so enables nonitoring to take place in a WO 96/ 08695

PCT/ AU95/ 00568 -norg-deskyuckive manner qarfflws, Thhe sensorechgonots not

necessarily fr a%&éﬁkﬁiﬁ?%f@&’ﬁi’ré&‘ &Edféséfofﬂ&' 18" ot 88xrUes MBHitor the
paranmeter. The effective sensing Il ength of the waveguide 5 sensor can be

varied for eith&eFiFed RATXIMRERT ot ed sensitivity. Milti-point sensing can
be achi eved by quasi - di st it tefEedtiiiid | deiifih® 1dhgth POEXEe waveguide

configurati Pr ef erab t he waveguide c rises,a Ieast on 0,
optical fib e am it ﬁ? ﬁféi/%'%t#%’él ?ﬁ?’é PRIRE O H‘?ﬁﬁﬂéeﬂ
enbodi nents of teensitdrityn tmwmnﬂmminereq benpchieved byt i cal
fibre without a di S0 ?mm ptical fibre
can incl ude sensrﬁ‘lng el emants a ts end or along Y\?xf{:'{g ﬁegnd t hose
sensing 15 el aanfiigurationsrise devi ces which. will respond to a change
in the desired paraneter iprdfirsBiy tHE R veiuide! ésmbtDied Nt | 1éASENSRe

brophgati M0 n GREARAL FATEe %mf}?@?f ;" Totat ena oBbLoat HEELS) BRvAPe: neln
change in the pamtﬁbod?manwe@ﬂlmao:tnmegmdehenﬁavbcuiaénﬁdyfmeﬂhwy
glass material, Nat3d 968 ol &dfSe1i5Fd ShftRout *angChaditional sensing
o elements. However, the optical f£ibre can include sensing
_ _ elements at its end ox along its length and those sensing.

15  elements can comprise devices which will respond to a
change in the desired parameter in the environment of
application and influence the properties and
characteristics of the electromagnetic radiation
propagating in the waveguide to therxeby provide an

20 indication of the change in the parameter.

The waveguide or waveguides may be formed from
any glass material, hard oxides, bhalides, crystals, sol-gel
glass, polymeric material or may be any form of monolithic
substrate.

25 Electro-optic devices, acousto-optic devices,
magneto-optic devices and/or integrated optical devices may
also be utilised in the sensing systen.

Preferably the fusion splicing takes place in a
fusion splicer or by laser welding techniques, or by any

30 ‘other tecyhniquest to fuse the multimode waveguide and

' singlemode fibre.

Preferred embodiments of the present invention
will be further illustrated, by way of example, with
reference to the following drawings in which:

35 Figure 1 is a view showing an embodiment of the
invention illustrating fusion splicing and mirroring;

Figure 2 is a more detailed view of the



gl ass, polyneric materi al or may be any form-of nonolithic substrate. 25

El ect ro Vi ces, acousto-optic devices, .magnet o-opti ' and/ or
W ol ces, CTiosoRRs

i nt egrat’e devi ces may al so be utilised in the sensing system
Preferably the fu3| on splicing takes place in a fusion splicer or by |aser .
wel di ng techni ques, or by any 30 ot her gigecyhni quest to fuse the multi node
wavegui de and singl emode fibre. Preferred enbodi ments of the present

i nventi on Wenbodinetit 5F ﬁildufér:ﬁted by way of exarrpl e, wth reference to

the follow ng dravmng I n _whic 1is show ng

an embodi nent of the H\?é‘ﬁﬁ c?nqﬁ I’Ustilﬁgf APV o‘hg};ﬁ %ﬁ?ﬂ’ Bring;

Figure 2 isof rovee ighoteitidahyvi ew of t he WO 96/ 08695

PCT/ AUQ5/ 00568 - 14 - m vfijy ﬂ:d Wi @rt\ﬂxgiN showi ng a
e | nvent | on I gure A?'

further_ enbodi nent of I's a view showng a still
furtherS5 m% the invwentidony &P Figure 5 is a view showing yet

a further enbodi ment @fgute 5N ta FlewdHowiE W a tfuftRere 1, a

si ngl enode fi 14 and ItlnDde flbre 18 are prepared by cleaning their
10  ends s %ti('}'eé’stt&ﬁatgj? tidlyoth surface. After taking

necessary precautionswith emfea:-emep o tEgurntls, fa csﬂ:td‘tbamd:@evsﬂbféble ,

end- f aces, gaga Qﬁﬁ i%ﬂl:‘ad Iﬁqﬁﬁ | par at us
and fused toget her using ei%[ép%% Eaée or SI re%ﬂ#'hé gﬁeg ch 15
ti mes dhd cendentEe GSTHT@ aftabidah 4 (£lat,s smooth surfaced After

taking necessary precautions to remove any contaminants

from the cleaved fibre end-faces, the f£ibres are placed
end-to-end in a fusion splicing apparatus and fused ' ‘
together at 17 using the appropriate or desired fusion arch

15 times and currents. The multimode f£ibre 18 is then cleaved
at any location after the fusion splice 17 so as to
establish a flat, smooth surface. The position of the
cleave or polished surface establishes the localised length
or sensing region of the sensor 12. After taking necessary

20 precautions to remove any contaminants from the cleaved
maltimode fibre end-face, a selected portion 15 of the
£ibre, including the end-face of the multimode fibre, is
mirrored with a suitable mirroring material (ie., a metal
or dielectric material). - _

25 - In the embodiment of figure 2, a fibre optic
modalmetric semsor 10 according to the preferred embodiment
comprises a multimode fibre 18 which is mirrored on its
end-face 15 and fusion spliced 17 to a singlemode fibre
‘patch cord 16. The free end of the fibre optic modalmetric

30 semsor 10 can be adhered to an engineering structure or
manufactured article. The singlemode f£ibre patch cord 16
is coupled to instrumentation 20 which includes a light
source 22, coupler 26 and a detector and signal processing
unit 24. The patch cord 16 can be of any desired length,

35 and indeed up to several kilometres, so the ingtrumentation
20 can be located remote from the multimode fibre 18 which
forms the sensing element of the sensor 10. The light



at’ any location after the fusion splice 17 so as to establish a flat,

snoot h surf : position of the cleave or polished surfac es
! gvgﬁlsg%@ﬁ ‘ii(.fi%f(l?ﬁ%}obs%g

the localis or sensing region of the sensor 12. After I'Ng
necessary 20 precautions to renove any contam nants fromthe cl eaved
mul tinode fibre end-face, a selected portion 4 of the fibre, including the
end-face of the nmultinode fibre, is mrrored with a suitable mrroring

material (ie., agéRkee 22 Piréve@bs fightewhich ;35p:opagated aJthgt the

nbodi t of f fibre 10

teheoplrgsgrrgd elng%ﬂ?mgﬁ i F?egE S'H:%Pnﬁng@r g ac cr%écf
on its end-face @&dansdhichi. dm shi enﬁoﬂim’entaofl !g.bulrade,f |:ih a-qﬂteﬂteﬂ)thtck
16. The free endy f&uéhﬁhg' @:1.8 '%iggqak t %eigigrnt %S’S%&#Q’ncﬁpr#emde

adhered to an engl rrng struc ure or ure he sl

fibre patchScord 16 is couleweves, | kbt Pnheh‘t ambedigenm she; ﬁ@t@@@énﬁ namg et

source 22, cOuplgy déusadhd 18baERA atnind Al ot ea%sggggda&ptftiﬁeeyei;ﬁalme

pat ch cord 16 can ﬁ§§» ﬂé desired glﬁ

kilometres, so thHEARSRLEH nV&FPoﬁ°Eédc ’-'GQ-YI P@af’@&%?ﬂ ppdt 24
lm_JI L i node V\L)I 8[3 /eO&Btnbuehtherﬁaeaheo&enemece&eﬁant The pPropagated Nighddn
i ght

15 - source 22 p 95%§tﬁnﬁﬂf ﬁﬁ’fﬁ Ilg B’P&S’&g&fe&vgpé:ﬁglﬁﬁ’e%%gﬁg’?%%é

fibre 14 i A0t he detgttovdunithbl2d pascliiteopdoperties andccharadteristddiarent

it 34 5 | STeeFSaTRy M EndafU0sTS BUteh pedeRet it VLR AV Y ,°

coul d be | ocat ed™@Bit@Eednd of the optical fibre and the transmitted wave
coul d merely be detected bynt{gisnbibedinehbounat BRen8etekobmboigtktaN to

The propagat ed lfagh&elsgribed in the following description, the multimode
15 fibre 18 and a small part of the singlemode fibre 1l4/patch
cord 16 is located on a patch body (not shown) of host

material to enable the sensor to be conveniently attached
to a structure or the like. _ _
. In the embodiment of figure 3, a singlemode
.20 optical fibre patch cord 16 is coupled to the light source
22. A nmultimode fibre 18 is then fusion spliced to the
singlemode fibre 16 in the same manner as described with
reference to figures 1 and 2. The other end of the
multimode fibre 18 is cleaved and prepared in the manner
25 referred to above and fusion spliced to a further
singlemode fibre 14. The singlemode fibre 14 is fusion
spliced to a multimode fibre 18 which is in turn is fusion
spliced to a singlemode optical fibre patch cord 16 which
is coupled to the detector and signal processing device 24.
30 In this embodiment of the invention a quasi-distributed
sensor is produced which has sensing portions formed by the
two multimode fibres 18 wherein the propagated electro-
magnetic radiation is received by the detectoxr 24 at the
end of the optical path rather than by reflecting the
35 radiation back from a mirrored end 15 as in the embodiment
of figure 2.
In the embodiment of figure 2, the patch cord 16



the nultinode fibre 18 which is eventually detected by the 10 det ect or
unit 2 | properties and characteristics altered b in a
desi reyg%ﬁ#a?er which is to be nonitored. In this e%oé’%‘?@&ﬁ%st he
ot her enbodi nents to be described in the followi ng description, the

mul ti node 15 fibre 18 and a small partygf.the singlenode fibre 14/ patch
cord 16 is |located on a patch body (not shown) of host material to enable

”r]rg 3 enso { ifﬁchﬁdiﬁ&Vehbe atihmwritiﬁﬁ,a dﬁdﬂé&%&d; 12 dét&éﬁ&edzdlﬁ the
enbodi nent a si_ngl.e i C i br at ch, cor :
coupled to Fﬁ'éihr gﬁt ’53&?88"2%' go U"%Lp ?&?@fﬂ%r% i ced
to the singlength bfbthelmahimuesmmnrmsmsim ikt be tds rgde ence

to flgures a 2 eaved and
prepared in hgﬂena%ﬁ-e;rnsggkgg er rediﬁ'l "?ﬂvzteé ?r)rg) JSh c';s%ldr%i#

furt hed si ghatenfazencer énlzheTmlgimgﬂmﬁd@ﬁq twhsich m:lfmasarﬂapl i ced to

a nul ti modephiBheedBaigch is in turn is fusion spliced to a singlenode
optical fibre patch cord 16 whi ch.is coupl ed to the detector and signal

processi ng devi ce 24, IBothe| aubpAaiment,of £40uFe @re & nvention a
quasi - di st rqhub&ddieaﬁbut%dpbmd atfiatigehitnt S0 i AAdsteda) med by

the two rruI fibre er the pa | ectra-
radi ation i rec F@E’B‘gﬁv‘%ﬁ' \e'lh oP?ﬁ?{i ﬂ’é’% @%i'} pat h
r at hed® hanibgengitdwvei sgnaﬂ.em@ﬂe fddiea tlido metclors dhetwesn rtheed end 15 as

in the enboe\gggg%égéé?‘gugﬁo&a kabaiaeﬁm&%@em..of figure 2, the patch

cord 16 PCT/ AU95/ 00568
- 16 - including the 3anhenegbodipent efnfiguze So acradtdplaxed q

fibre optic modalmetric sensor system 40 is illustrated. A
(1XN) star coupler 42 joins the singlemode optical fibre

15 patch cords 16 to one individual singlemode optical fibre
patch cord 44. This type of configurat:lon would be eapable
of mapp:l.ng parameter: £fields. -

The primary applications of the fibre optic

modalmetric sensor according to the prefe:red embodiments

20 of this invention is in structural integrity monitoring and
machine condition monitoring. The sensor could be used to
monitor a wide variety of structures and machinery, for
example: metal or composite material aémspace structures,
satellites, marine vessels, submersible vessels, storage

25 vessels, off-shore structures, pipelines, chemical storage
containers, power transformers, power gemerators, hydro
electric dams, gearboxes, motors, compressors, buildings,
bridges, etc. Other parameters could also be monitored
depending on the type of waveguide or sensor arrangement

30 employed. - | |

v

The sensors are capable of monitoring parameters
in a reliable and non destructive mamner. In other words,
the sensor waveguide does not rely on failure, fracture,
breakage or any other form of permanent, irreversible

35 change. ' ' o

Preferred embodiments of the invention have been
tested illustrated by the following examples. The sensors



cbuld be replaced with a nultinode fibre. Depending on the length of the
mul ti node fibre ults may not be as good as the arrangenent '
figure 2 bec&ﬁ's‘jé’ogﬁeﬁdrift or 5 interference in the multi nodé"ﬁ?% Bch
repl aces the patch cord 16. In the enbodi nent of figure 4, a

quasi - di stributed sensor arrangement 30 is Lly#strated. This arrangenent is
made possible by fusion splicing 17 10 I nsensitive singlenode fibre 14

sections betweenwepe eeRstruéted i GRdRx ity Aetdrifitid tle feadiltility of

enbodi nent of fiqgure 5. a 1t L pl exe i bre tic al.met,ric sensor system
20T T T user at oifodnssnt Tocaiilapd Febire) Sntid bafadaalzad ety itk
fibre 15 patchredativeiyt shoxrt sedsingudengths.cnihrametiexs nmordtoed ch

cord 44. This ty f n at.| ' r {
Frelds The pri mged chlesBse bpRl ol B AN Renalbine, YIS WHFA,
accordi ng t® t hevpbeaticnd strugturals regonagce;hifrequencyt analysis,

structural .integabbistle bisddon)dsdRnAl, ¢ empatatuze WM pRidxIhity¥'C Not
sensor could be used to ponitor _.a wde variety of structures .and nachinery,
for exanple: net #t1oPEcERBoTPEYLLS: th#n&ér G?pé@&esﬁ’ifcdﬁ@é:l%datié? Ithes|
mari ne vessels, fobhlewinh exaepiess, storage 25 vessels, off-shore
structures, pi pehix : cgqm' cal storage containers, power transforners,
power generators, H@@F& Iectric danms, gearboxes, notors, conpressors,

bui | di ngs, 1 i dgdsfibre. opticr mpdaimetesic semsorawas ' wEnghaél ng
on the type of ' r r 0 rs
.are capabl e of Vﬁ‘g%ﬁ?g%&ﬁpgﬁgﬁéggreg P%Q% relra g’&%ﬁrﬁ%ﬁ%&sﬁ%ﬁ%’

manner. | n ot her Ther 43serhdiodes pighaidgwage fusdom apliged &0 @633 an
fracture, breakaggnglembie9! Beusf Q2X291 £FAPFERMPDRIc IdouPI¥rsSi Difhe3Bensing
change. Preferred ol advas congtruited by Fuslon sp115ihg an optical fibre
15 with 3.5/125 um core/cladding diameter to an optical fibre
with 9/125 um core/cladding diameter. The multimode
(larger core) fibre was cleaved approximately 10 mm from
the fusion splice location and mirrored. The singlemode
fibre free-end was fusion spliced to one of the sensor
20 ports of the (2X2) coupler. The unused sensor port was
fractured to minimise end reflections. The remaining
~ output port of the coupler was ST-conhected to a
ST-receptacled silicon photodiode. The sensor was then
adhered to a steel cantilever beam with Ciba Geigy Araldite
25 24 hour epoxy. An electrical strain gauge (ESG) was also
adhered to the beam using a cyanoacrylate adhesive,
co-located with the fibre optic sensor, in order to compare
regsults. The steel beam was placed in a cantilever load
frame and deflected. Dynamic experiments were performed by
30 deflecting the beam tip and releasing. The sensor sigmal
output (vibration) and frequency response (via a Fast
Fourier Transform) were compared with the ESG response. In
each case the gsengsor response showed excellent correlation
with the ESG response. The lead-in/lead-out singlemode
- 35 fibre showed no significant sensitivity to external
perturbations, demonstrating good localisation of the
- sensor.




tested illustrated by the foll owm ng exanpl es.- The sensors WO 96/ 08695
PCT/ AUQ?/ 17 - were constructed in order to deterrg &?ﬂuss

f easi bi P%gigff%sprodum ng localised fibre optic nodal netr [B(:&Z%Irjlsors 8 t h .
relatively short sensing |engths. Parameters nonitored with the fibre optic
nodal metric sensors included strain, 5 qgibration, structural resonance,

frequency anal ysis, acoustic em ssion, sound, tenperature and proximty.
Not all of giempreudis _obtai ned to date are detailed in the foll ow ng

exanpl es. agpl e 1: tic_nodal netrlc ens r s .constructed
Carnel %4 b Tt ‘spet nevatnetr 2l sindBE I Rehar tated BriA The
:cazer di ?destnglahbdq/apimibedspaseeddﬁ.oda Gﬁ&rﬂmimnglterh;?aowmiﬁ I('ZX'Z)

i bre opti 0 icin
an opt | cal b, hfhr dlSas HLuPRYL°Fal" s oEORRINRN" LS 6 ASUCBEP] C1 N0
opticaP fi bs%nq}m@saaz% @B (2B 0F spaem-'ﬂg goupdex. The msnsingie
(larger corgg iwreawaéoﬁkeﬂedea ¥u8abal ¥pide datS| lice

g PB{O P mgfms P

| ocation and, mir e Si re free- usi_on spliced to
one of the ‘giemo{’%zﬁg "“Bo??%‘gg Pﬂggﬁxéa%& Feto ap, opficady fdhrer port
was fracturveﬂthoswmmnﬁ eofeyeladdingndiameters o Then grultimddeport of the
coupl er vvas n e e The sensor
vvaspt hen ad ere og%.%? can%‘?egg'g&g‘%gmqﬁ#ﬁh% Q@g} a& ﬂ;\l

24 hodP@ epotdye mtmcspltah itocatiogaand piscpreds aThe admmm t he
beam usi ng £4K¥8NPAEE VA Cwal £k 8n Tﬁﬂesat €0 Wl oleNenlel lar

sensor, in order to conpare results. e steel beam was pl ac I n a
cantil ever POEES{PErEhan(2X2) | eevRieTpy nThecuBRSed AERSOT, POrt,sasr ned by'

fractured to minimise end reflections. The remaining
output port of the coupler was fusion spliced to a fibre

15 pigtailed InGaAs photodiode. The sensor was then adhered
to a steel cantilever beam with Ciba Geigy Araldite 24 hour
epoxy. An electrical strain gauge (ESG) was also adhered
to the beam using a cyanocacrylate adhesive, .co-located with
the fibre optic semsor, in order to compare results. The

20 steel beam was placed in a cantilever load frame and
deflected. 'Dynmic experiments were performed by
deflecting the beam tip and releasing. The sensor signal
output (vibration). 'and fregquency response (via a Fast
Fourier Transform) were compared with the ESG response.

25 - In each case the sensor response showed excellent
correlation with the ESG response. The lead-in/lead-out
singlemode fibre showed no significant sensitivity to
external perturbations, demonstrating good localisation of

. the seh_sor

30 Example 3:

‘A fibre optic modalmetric sensor was constructed using a
singlemode pigtailed laser diode operating at A=1300 nm.
The laser diode pigtail was fusion spliced to a 1300 nm

singlemode, 3 4B (2X2) fibre optic coupler. The sensing

35 region was comstructed by fusion splicing an optical fibre
with 9/125 um core/cladding diameter to an optical fibre
with 100/140 um core/cladding diameter. The multimode



30 deflecting the beamtip and rel easing. The sensor signal output

(vi bration) aqﬁ ency response (via a Fast Fourier Transfo 50568
compared with J’&E%L(JB response. In each case the sensor respongg’ggggmed
excellent correlation with the ESG response. The | ead-in/lead-out

si ngl enode 35 fibre showed no significant-sgesitivity to external
perturbations, denonstrating good |ocalisation of the sensor. WO

96/ 08695 (larger core) £ibre was cleavdd Hpphioutiatély 168 mmEEroml e

o gtai | od 1 acer  SEBIE SR AU oAy 4 Eaed? Pmip (AT ERge

was fusion splicédbre ::rm@nams ﬁaaﬂgﬁmrﬂﬂd’c&@(M)of the sensor

coupl er. The sen g eV VrHd' Sk i) tdrgd!
fibre with 9/125 err]%@c%ree/cla |ng |amater to an o%‘?léﬁg%ﬁﬁoepﬁn
50/ 125 [err ] cof&RCERFOd §F £leprions ar fHhe corm3ining e was

cl eaveddapp[rﬁXI llmbhtl%dffﬂ fdfomhwf coxiﬂlﬁar.f H&‘dfé)rflﬁld»ﬁlesﬂmﬁéd tdoﬂoaﬂdfi!t:zﬁe
mrrore e si ree-e S on spliced to one o e
sensor ports of %ﬁi}?ﬁ% q‘ﬂﬁé’% Ls%% T W22 thenadhered
m ni mi se end ref ltech atael '&Imtr.iarawren mmtwinh [eiba Geigy mmd:a:evm hour
fusion spliced tgp%P%J brfinlg ec@z@ ' 4’?@%@%@ - rd§S
‘then adhered to a st &el cantl ever ean Wi é%ur
epoxy. An é&ctr t@althe beam gsing @Emmw%m‘w tm-mwémbth

a cyanoacryl ate stlae¥ivie AU Werthalt ! fhi Rrdd Pt C&&ﬁﬁaﬁé@&&nw. Or-ﬁ%
to conpare results. The 20 st eel bea | aced in g cantil ever
frame and defl ecBE@elpPeam was, nia r‘&%’r’f%‘f% ﬂ%t?ﬂ@ t he

beam tip and rel datlegtedhe Widsmﬁﬁi:iments were performed by

deflecl::'.hg the beam tip and releasing. The sensor signal

15 output (vibration) and frequency response (via a Fast
Fourier Transform) were compared with the ESG response. In
each case the sensor response showed excellent correlation
with the ESG response. The lead-in/lead-out singlemode
fibre showed no significant sensitivity to external

20 perturbations, demonstrating good localisation of the -
sensor.
Example 4: . . _
A fibre optic modalmetric sensor was constructed using a
singlemode pigtailed laser diode operating at A=1300 nm.

25 The laser diode pigtail was fusion spliced to a 1300 nm
singlemode, 3 dAB (2X2) fibre optic coupler. The sensing
region was constructed by fusion splicing an optical f£ibre
with 9/125 um core/cladding diameter to an optical fibre
‘with 100/140 pm core/cladding diameter. The multimode

30  (larger core) fibre was cleaved approximately 300 mm £rom
the fusion splice location and mirrored. The singleinode
fibre free-end was FC-connectorised and connected to a FC
receptacled sensor port of the (2X2) coupler. The unused
sensor port arm was fractured to minimise end reflectioms.

35 The remaining output port of the coupler was fusion spliced
to a fibre pigtailed InGaAs photodiode. The sensor was
then encapsulated in a thin layer of Ciba Geigy Araldite 24



out put (vibration) and frequency response (viia a Past Fourier Transform

were c ith the OG response 25 In eac sensor
respon(s%ngﬁ’g excellent correlation with the ESG respor?scgl?‘éﬁgfhog&s

| ead-in/l ead-out singlenode fibre showed no significant sensitivity to
external perturbations, denonstrating gogg Localisation of the sensor 30
Exanple 3: A fibre optic nodal metric sensor was constructed using a

si ngl emode ﬁbﬂi:abbeiyl 288 efiveded’Unill Rbritirdtd Heaw 00 e doSol e’

di ode plgta% was fusion spliced to a 13Q0 nny5|n%§§nnde 3 dB_(2X2) fibre
optic coupl panyas; placs §9 at 'Fﬁ§§“58ﬁ¥¥1 RAFaAKMS ARDn splicing
an optical defilectiet) 9lrh%5rbepbhmc0|£e/wea¢ﬁuxbﬂim éxXceliae i cal

fibre with 300LI40aEeLILY ¢ReChbAINLAY Ul Prdagerlf, J' 0S4 040

96/ 08695
(1 ar ge® cor §preebr e Thes congrese !vppmmuatadlqp Ji@lmmtfed)m:tth dmuﬂ. splice

| ocati on angafinerORad thHRC sahnsd ﬂd"@ﬁ? V@§; sl ced to
one of the sensor ports of st he X2) coupl er e unuse sensor ot was 5
fractured tSTRERPREY:TOARORESL apteriptdassyiThe, /leﬁﬁ 'Qﬁtthe

coupl er wassingilemoas! E&bd'et showedb ho wmﬂiﬁﬂm%m . The

gznﬁglr”wg;oggggiﬁggered b Q e teel %gg;tel I %(t beam vgoég'(? Gel Aora![gl te

t he bd®m usthe @empemocacryl ate adheS| ve co-located with the fibre optic

sensor, in order to c g&glr? {I.Egs sgg,ehhgeg@t%% @\gq@qpl n a

cantil ever |oad frane expertments erfornmed by

defl ecti ng iREepbinn: Fﬁdaﬁ?tﬁsﬂéagﬁﬂécﬁﬁhe%mm% itgh&thel Sinventifon ‘

(vibration)agadubeegiciny a’ @laeNs¥Rxrivty ¥ atplications and fields.

Not inclusive, but indicatively, the following examples

15 illustrate some applications in which the fibre optic
modalmetric sensor may be used: '

- Aerospace structures operate on extremely tight
tolerances and safety criteria. As a consequence,
aerospace structures are often inspected at frequent

20 intervals using labour intensive non-destructive
techniques. Electrical strain gauges ',and '
piezo-electrics cannot be incorporated into the
structure without detrimental effects and have a
limited fatigue life. As a consequence, real-time

25 : structural integrity monitoring is rarely achieved in

' aerospace structures, except perhaps in sophisticated
military research projects. The fibre optic
modalmetric sensor; altemtiveiy. can be adhered to

_ the inner-surface of aerospace structures, thus not

30 affecting the aerodynamics, and yet provide the
following advantages over conventional sensors: they
can perform quasi-static or dynamic measu‘:;‘e’mént’s, have
very high fatigue life, are corrosion resistant, are
non-cohductive, are capable of point or distributed

35 . sensing, can be configured to any shape or contdur,'
and a single sensor is capable of monitoring several
parameters simultaneously. Furthermore, it is

4



Fourier Transforn) were conpared with the ESG responée. In each case the

'sensor resp d excellent correlation with the ESG res
1 gad-in/ | ead- g?"%?% enode fibre showed no significant sensi P%%S’ﬂ_‘g’ﬁs

external 20 perturbations, denonstrating good |ocalisation of the sensor.
Exanple 4: A fibre optic rmdal metric sensoL w4s-constructed using a
singl enode pigtailed | aser diode operating at [err]=1300 nm 25 The | aser

di ode pigtail was fuafmmdwmeathﬁaﬁmlm n dfomgdgitéi bre
Op';IC Ico]thprer TPﬁ Sen3| %xﬁgﬁm%&wasﬁconstr uc%f%"ﬁéh?ﬂ?l 0 sgl ItCI n? ?nb
optical fibre w ptical fibre
wi th 100/ 140 [ er] m cff/sHoarkdlioid -drigeeteare ﬁmmﬂ.]‘.y neoket Bfely (inspected
core)- fibre was clea tlﬁl.ﬁé e | tion
and mrrored. The si \rﬁgﬂenn%&d? ree-en é'nuonnec%‘?set‘if -Pﬁé‘
connected t® a FC rehanalyl aorrasive RAv m(memuﬂeneam unused
sensor port arm was fwﬁs&ﬁ%auoaa rmaasa; %«i&i&f&ﬂpnﬁm&?zs Eaetne

remai ni ng out put port .of the coupler vvas

u5| on
pigtailed | nGaAs photBFUsisTer e Al R Freaple &&a‘?ﬁﬂeﬁ"—?ﬂraf?mwf
| ayer of Ciba Geigy Haﬁx#é e:aﬂﬁoc Bﬂ)d&iﬂlﬂfﬂi in its early stages and

PCT/ AUQ5/ 00568 - 20- |nac ncrete bea T :
concrete beam was pl acoé"g}# F%% %f !ﬁlﬁba'?% %&tﬁ?ﬁh ﬁ'%?:?hgﬁ. The
response &0t he sensdefare\dt @n:arilmllagrm \Mléctmmgtram gauges
frequency of the appl,;ogﬁ ’ gféﬁgm a&{!gd

wth a steel hanmmer an fges&tlaﬁglrespoinse sf:“ %ﬁexpef]t %ééﬁ o
frequency response c fesixed sansing megianyg 8 eckrics @imm e
showed no significanta Jeyd iMnitation. Piezo-electric sensors have a

‘major limitation in that they are a dynamic material,
15 whereas vibrations in oil-rigs are generally
quasi-static (< 2 Hz). In addition, electrical
devices are prone to corrosion damage which would
limit their lifetime substantially. Fibre optic
modalmetric sensors are not only resistant to
20 corrosion, but they could'possibly'nonito: the extent
of corrosion of the structure. Lightning strikes
would severely effect electrical or conductive
devices, whereas optical sensors are generally not
atfected by this type of strike. The fibre optic
25 modalmetric sensors can be reliably adhered to
critical areas of off-shore oil-rigs (ie. underwater
support structures) and thus offers the opportunity to
monitor the structural integrity in real-time.
. On-board the oil-rig, fibre optic modalmetric sensors
30 could continuously monitor structural vibrations.
- Naval vessels (ships or submersibles) are generally
- monitored by divers or in dry docks for structural
integrity. The limitations of conventional semsors in

this case are the same as those discussed for

35 _ off-gshore oil rigs. Fibre optic modalmetric sensors
would be extremely useful for these structures as the
world-wide fleet is generally quite old and ageing



external perturbations, denonstrating good |ocalisation of 10 the sensor. ?

Opti cal 'mfiﬁsﬂs made by the method of the invention and opipagbssiR¥s CES
accordin %@o e invention are useful in a wide variety o? applications and ,

fields. Not inclusive, but indicatively, the follow ng exanpl es 15
illustrate sone applications in which thedibre optic nodal metric sensor
may be used: - Aer ospace structures operate on extrenely tight tol erances
and safety criterrapidiya chrparticularaadvaptagesofuat flbreaoptdit én

i nspected at freQeflagleric penddfs ¥akSubs! 18 LABRY' sEBUERNALS 1g tho
non-destructive techni ques. ectrical strain gauges and piezo-electrics
cannot be i ncor pcakikity k@ mopiter relativelvwodarge: arsas: andetpect s and

have a limted fajdsuPisd fEhe Befis £A§SLEYEOAS. ' CBhvehEloRAl sensors
structural integrit 'mnliorlﬂgmﬁ ra elz achi e%ﬁg Ln aerospace structures,
except Per haps irF%%dfﬂ‘é? it ed;in,size.  Theylopger{larger; sengoz,: i ¢
nodal metric sensctypes ttiae tddeéxiseaarb__eusdhuydvémhrt-bspienae.mwfmee Sf
aer ospace struct t 0 ng nael na . an
yet provide the 15% %W%Eja%\éﬂigb%gtﬁ%grg%%ﬁéghfi'8%a§h§e9§§¥§: can
perform quasi - st ®4m be comtiguredataranrndesivedelengyhisdizel mithuenlyf e,
are corrosion res dfindf C1ARePRIME L 8h8 E68RRRLR1RY PO Nt Of

di stributed 35 sensing, can _be configured to any shape or contour,

and a 30ngl & senRAWEE REpeiPns AN ETRBELATNSEGARE BELEASAL: S
si mul t aneousl y. . RBERICEUREs, tb imdsitor VEE9€heF08and to over-heat and

PCT/ AU9S/ 00568 - Klve PISSAPIondf SI0E end wRlbh dould 2e5ull GQPOS! e |
extremely dangerous explosions. Conventional sensing ‘
techniques suffer extreme electrical noise problems

15 when monitoring these structures due to
electro-magnetic interference (EMI). Fibre optic
modalmetric sensors can easily be adhered to these
structures to monitor temperature, vibrations,
cracking, strains and stresses, and several other

20 important parameters in real-time, without the ‘noise
limitations. I |

- Ingulation degradation of large power equipment is one
of the major éqncerns of electricity supply
authorities. Forced outage of a large gemerator or

25 | transformer due to insulation breakdown can cost
millions of dollars in repair and outage costs. The
potential for gemerator and transformer outage is ever
increasing as a large proportion of the capital
equipment in the Australian and :l-:;_temtionﬁl

30 electrical industry is nearing its expected lifetime.

' Replacement and refurbishment of these major
components has significantly slowed down because of
economic restraints and many are now operating beyond
their expected operational lifetime. Therefore, it is

35 important to closely monitor the insulation condition
of these components and determine the remnant life of
the electrical generating plant.



conponents to performin-situ nonitoring. - Of-shore oil-rigs are
general ly routlnelg i nspected by divers or robots for structupgfsigodGses t Y-
. The 5 W corrosive environnment renders it nearly inpractical to
attach conventlonal sensors to the structure. As a re sult, cracks or any
other form of danmage cannot be detected indtgearly stages and coul d
possibly grow to within catastrophic |evels 10 before it is visually

found. Electrical stpgieidfudeschRrye [pnwlﬁeahﬁﬁgmnnts hawe beeg! baet of
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but they coul d possi bhycaRBa! af 1he Xlﬁﬁbrﬁ&:@ﬁ&éosfzaceﬁ ERomS vatdouwse
Li ghtning strikes woul d severe |ca

é a i i é s ive deV| es
wher eas optical sensoPQUEFESqcRBFEAFHLIATLY, cte nﬁ? gﬁ?
The fibre optic 25 ca:riéndehﬁEEhlehaeﬁawla tandbveleblablﬁabdheﬂe&eb&ion

critical areas of off_sh LL-rligsal] S Ig4Ghur es)
and thus offers the ob SﬁPSﬁﬁ ng&b?cegfhe rucfu#QFQP%F%%s#P§ i n
real -ti me. 1@n- boar d thaeekthrogghfhb!euvpﬁlcnnvdbﬁﬂatFF& ievedor s The fibre

coul d continuously nmoghigg ﬁf)&ﬂ%ﬂi:ﬁ'icvbmt:boaifers aNRew t\é&iﬁﬂh&e( $orD D
or subnersibles) are generally nonitored by divers or in dr;gﬂﬁﬁys for

structural integrity. REASUreRERESs; dRsthe POWeEHingHsrIyh¥o oing case
are the sane as thosemﬂhﬁeéssadghona&uency acehistabomi@suou gignaly dn

optic modalmetric senspes s¥otctuze.  Mallling GoRalk 160 ublito- Aty Caldl 38 2°

15 performed simultaneously with the fibre optic
modalmetric sensor by low-pass filtering the sigmal
and performing frequency analysis of the structural
resonances. The fibre optic modalmetric sensor offers
several advantages over other PD detectors currently

20 : ‘under develophent around the world, these include:
less complex, small size, ease of use, safer for the
high voltage equipment insulation, more reliable for
noise discrimination (immunity to EMI) and cost
effective.

25 - Undersea pipelines are generally not monitored at all
due to the lack of any reliable and durable sensing
techniques. If something goes wrong with a pipeline
(ie., cracking, corrosion, etc.) it is usually

] realised when the output flow is affected. No
30 information is available as to the type and location
' of the fault. Obviously, this is an inefficient and
 potentially costly situation. Not only has the flow
of goods stopped, but the pipeline has to be pulled up
or divers/robots need to go down to have a look for

35 the fault. Undersea pipelines are in a very harsh and
corrosive environment. In addition, their lengths can
vary from a few meters to several hundred kilometres



worl d-wide fleet is generally quite old and agei ng WO 96/ 08695
PCT/ AU95/ 00568 - 22 - rapidly. A particular advantage of t‘&r
g S, - - I

nodal e ors for use in these structures is the ab
relatively large areas and to | ocalise the sensing regions. Conventional
sensors 5 are usually limted in size. The longer/larger sensor

types that do exist are usually very expensive. The fibre optic

modal metric sensqis 3 sigeHe @&Jeda%f%&ﬁm%%ﬁﬁdow @auzéeﬁwed

| ength/size with gnly a _marginal Increase in.c ft and lexity.

Power stations afdffiswitden surwiying ithe, eny nb%'—%‘b?ea%fthey
tend to over- heatwd_dwaéﬂdmﬁ [FeqETER 28 CPeL ) W%ﬂeﬁ%iﬂl n

extrenely dangerqu sion entional sensi tec ues suffer
extremaelectrlcgl%ﬁ%!géo S“ﬁﬁg’o%q EM br%%@%

struct Bes due t opsisal Gﬂmaammﬁaﬁmmxmt)ave Fpioeedptheir

nodal metri c sens h.ﬂf@o C“’# | t or
tenperature, vi b%raﬁa%s&i%gr%adc%:ﬁq ralns an;d St rezlgie}sJ :gfsség% “ ot her
20 i npor therefareontics iéanre tSensoxg (91d (he weefel :

limtations. | nsqwd%ﬂegm,i@&ﬁuimﬁpmr equipnent is one of the

maj or concerns of eletr|C|ty hor ties orced outage of a large
gener at or 25 %ﬂ%(ﬁ% a‘f‘?‘gﬁ g‘;ﬁg‘?ﬁ\ﬁl‘cﬁ’ﬁ cost

mllias of doI | angoing meed wcﬁonitm:ge tlos i st rudtrural cméabth f aid gener at or
an NSt o o1 QWS S AN Ko o AR SLARLLAEL, o N
: tanks/vessels and cylinders. This can be achieved
with semi-permanent, conventional techniques but ‘»
_ durability and accuracy are essential or false alarms
15 may result. The inherent advantages of the fibre
optical modalmeeric sensor makes it ideal for this
application. ' '
- The measurement of loads currently relies heavily on
load cells which are configuration of resistive strain
20 devices. The cells have a"characteriStic narrow load
-range within which accuracy and sensitivities are
within tolerance. The narrowness of this operating
'range derives from the non-linearity of the electrical
resistance response to strain, a feature which the
25 : fibre optic modalmetric sensor overcomes. Hence load
cells comstructed with fibre optic modalmetric sensor
components should be more sensitive at most loads but
cover a much broader range off loads. This would
. result in the current series of load cells being
30 raplacéd by a single broad-range fibre optical
" modalmetric sensor cell. An added advantage would be
the zero sensitivity of the fibre optic modalmetric
sensor cells to electrical noise and harmonic
'responses to set fregquencies of loading.
35 - Structural integrity monitoring applications in
general. '
- Machine condition monitoring applications in general.



30 electrical industry is nearing its expected lifetine. Replacenent

~and refurbi shnment of these major conponents has significantly
bhecause of NQMMO restraints and nany are now operating 'beyg‘?{}(ﬁt ‘Sé}mgeém

expect ed operational lifeti me. Therefore, it is 35 i mportant to
closely nonitor the insulation condition oL pBese conponents and determ ne
the remmant |life of the electrical generating plant. WO 96/ 08695

PCT/ AU95/ 00568 -- 23 -ogtaidd 1l s ithil o ddiidngp acondivhonisgy cstabil daat bén
t he nost effective diagnost.ii:toaqls for | t,oring ihe. i tion condition
of high vol tage equi t°.p_tl qi)’l%& %rag{]?%%%% %lﬁﬁé#ia?'di scharges in
5 generators and tr &red ihwe optilce modaimetxiic f sensor payube used

large interferenge effe {imc?y%l[ﬂ %ﬁ%%@féﬁ%ﬁ%éﬁ&&xﬁ%ug}ze&s

| nvesti gati ons have been "Carrie e wor to develop relia
det ecti on tBchniekestrinakiatrain gangess ajeelereneters, jphermocouples,

breakthr]g)]ygh hawuiﬂréwh _ émf Mpiﬁ@%iei'&ﬂaiééﬁﬁ@ﬁ&éﬁs@da#ﬁt éﬁﬁlo:t;ed
sensor offers a new technique for asurenents [n_t i ndustry by
moni tori ng mi nut®¥ BMhhE fl?%cﬁm%fgo{gtél%’%m?o eg?gﬁﬁ&g&?ﬁ't h ot
structure. Mchififclisiid, Gutmindivatively, behd 5followingcekanmpies

si mul taneously w.th the fibre opti I r n ym{:ﬂﬂ’]ﬂ?

filtering the si s%%eé% ﬁHﬁg‘ rcgﬁu%y*%%ggyésﬁéigf e S ?Sé’?ural
resonancesl0The gerdmaxropti c nodal metri c sensor offers several advantages

over other. PD det ect g urLoi | Yasah An?-h:mgrcgﬁgeﬂeggaﬁ anaund the
* snal |

wor |l d, these include: 1ess conpl ex Sl ze, ease of use, safer for the
hi gh vol tage equi prermaintenance immse reliable for |

- Owners, operators and insurers of marine vessels.
- Petroleum and petrocheémical companies.
15 - Power, water and fuel facilities.
- Tower owners and operators. _
- Aircraft manufacturers and repairers.
- Airfleet operators.
- Automotive industry.
20 - Non-destructive evaluation firms and equipment
manufacturers.
- R&D companies and laboratories.
- Wood pulp and paper manufacturers

- Instrument and sensor manufacturers.
25 - Sports equipment and facilities manufacturers and
operators.

- Off-ghore oil rig operators and maintenance firms.
-  Mine operators. |
.‘- Quality Assurance and safety firms.
30 - Building management firms.
- Industrial equipment operators and manufacturers.

- Security firms.
- Power plant manufacturers, owners or operators.
- Telecommunications firms or operators.
35 - Telecommunication components/devices manufacturers.

To date, the use of multimode fibre systems has
been greatly limited by their undesired response



noi se discrimnation (imunity to EM) and cost effective. 25

Under s i Lnes are generally not nonitored at all du mngﬁck of

any re?‘gg@fiﬁgéghd dur abl e sensing techniques. |f sonethi ng’(‘t&ge‘g wong with a,

pi peline (ie., cracking, corrosion, etc.) it is usually realised when the

output flowis affected. No 30 . -4 g@r4mtion is available as to the

type and location of the fault. Obviously, this is an inefficient and

pot enti al | chesadtesistivs on. Thits significanhecdibadventegedoffeetsethebut

t he pipeli dj S b ngegd to have a
B d Cadaitlodl UP PowdedBE Lf,a ghie"620£hBriRale

| ook for 3 dersea p nes are in very harsh and
corrosi ve ¢&fhe rbibretoptie mmwiehemwngmscemsvﬁhp finbersnte\

neters. to Seydkesded b6 &dsPEs' L8bricCe8088688ts relatively
PCT/ AUQ5/ 00568 - 24 - |n‘mb£gth Conventi onal conductive sensors woul d have

difficalti tteAeikR vironnment and because of "the |ong | engths of
w re-|eads required timzcmwlﬁbmﬁncrsimasnemndl ofiferollow posltl amd

noanr o dearenndl dEfhey’ BSuUINE' GRLEPULIRNIRE PRLRORIBLTLS! BBl

fibre sensdas d&# mmfd’n sbogthtel losgstagm dgeteddstion - The
chem cal anghpat }érﬁéuséébfégﬂé&i QE‘. &0 unae;saagom Rehd.
noni t or the structural I nte all thelir reaction an

cont a?'ﬂrrente‘!m%%’r s ¥aRy caPphies iongpE Ehm Sé E@hPRELE it h
sem - permmawwtsmbrtmrwauesbmut bduaahal bEyieng accuracy are
essential of 12 SR A3 TadB1ictey alllchbst bbrectifehllg ot 2dvantages of
-Since modifications wit:h_.i:; the spirit and scope '
of the invention may readily be effected by persons skilled
' 15  within the art, it is to be understood that this invention
is not limited to the particular embodiment described by

way of example hereinabove.



optical nodal netric sensor nmakeS it ideal—for this application. - The

measur enent of |.oads cury e @ vily on load cells (ﬁﬂ =3
confi gur at i oW QNG0B st Ilﬁmlt"m“ﬁ"ilmumr ~ devices. The ce|-}l\}giL a@ggsg“%ﬁs
characteristic narrow | o range wi U9 N whi ch accuracy and sensitivities
are wthin tolerance. The narrowness of thig ggecating range derives from
the non-linearity of the electrical resistance response to strain, a
feature which fhawh cuazus psaffep nsie "EVANLGH CARE S FONEORSS.

Hence | oad cells constructed w t | bre optic nodal netric sensor conponents
shoul d be nore sensitive at nost | oads but cover a much broader range off

| oads. This would.osesult inzhisethsd ddr Irodiscig |Dagensdt s inclgddig:

repl aced by a single broad-ran i bre opti | r

added advantage woul d be thé"""zc’grsﬁ;"i%salL tﬁwgﬂgﬁ#%#g %ﬁ?‘gf‘gm" £¥on
modal netric sensar westdguiide elatenriadalandihaving & Filore ccor8ponses to set
frequenci es gf |oading. 35 p’?\?t;c’ﬁiﬂé L&:%ﬂﬂg%,}gﬂp&@tﬁ&@mg.a

applications in general. - I ne co tion nonitoring applications in
gener al . WO osvaysspuide core;
PCT/ AU95/ 00568 - 25 - -  Ofgidn Splftidy es ssilglancde t £IBreJand

stabilisation and qQpt,msation a lcatiqns in general . JThe fibre opt]

nodal netric sens&?ﬁrm d?éff?ﬁ%‘ﬁ)sﬁ° a‘%ﬁ?c%ﬂ'?‘bﬁ o %r%ﬁﬁo?ﬁﬁﬁ?i Sﬁa#ﬁe

sensors such as Binglemdde Bibrs ramd mzltimode cwaveguhide caxe aligned and

t her rocoupl g5, n - e [fcyit | £70- ctric sensors are enpl oyed

or m ght befirrplng}g"(#ﬁ a#h’é{/é\/\#eﬂrea}é;rs%ﬁ%ie . Not inclusive, but

i ndi catively, the follow ngehesying or polishing the multimode waveguide,
after the fusion splicing, at a desired location spaced
from the splice to localise the sensor.

2. | The method of claim 1 wherein the singlemode

15 fibre and multimode waveguide are prepared prior to fusion
splicing by cleaving or polishing ends of the singlemode
and multimode waveguide to establish flat smooth surfaces
at the ends of the singlemode fibre and multimode waveguide
which are to be fusion spliced. '

20 3. The method of claim 1 wherein the cleaving or
polishing at the desired location spaced from the fusion
splice establishes a flat smooth surface at the desired
location.

4. . The method of claim 3 Qhere:ln the flat smooth
25 surface at the desired location is coated with a mirroring
material to reflect radiation back through the multimode
- waveguide and then the singlemode fibre to a detecting
device. '

S. The method of claim 1 wherein the singlemode
30 fibre is coupled to a light source, and a detecting device.

6. : The method of claim 1 wherein a plurality of



illustrate sone users of nmodal metric 10 sensor: - Road,
rail, dg,ré\ gwlrg,rldge coul i nt enance firns.
oper at o 93@ nsurers .- Pet r ol eum anc'dr pet rociem cal

conpani es. - Power, vvat er and fuel facilities. - Tower owners and
operators. - Alrcraft ‘manuf acturers anggrepairers. - Airfleet
operators. - Aut onoti ve industry. 20 - Non-destructive eval uation

I/\L) r (rjns alnd ewgmddrmﬁémimam siwaﬁlbtgﬂndrbahﬁbabﬁ]fl es. - |
(0] pul p an Janu ur er nsty une n sensor _npanuf acturers.
25 - 5(?&%?0 Niis) rﬁ?ﬁcta%c?tf‘ic’f?*vfie #B g& PEPs®aifi®8perat ors. -

O f-shore mdiatm}hmm_thtamd mai nt enance firm - M ne operators. -
Qual ity Assurance and safety firnms. 30 -- Buil ding managenment firns. -
| ndustrial equi pment operators and manufacturers. - Security firms. -

Pover plant Tranuf act ur e nathed of taimi b whereinTa| pdurakibycofi ons
firm os op@mﬂe&o&% fibres memmca&meeaoaaoaasb&égdgvbces

manuf act urers. te t he | tinmode re systens_has _be reatly
T e e i St et Ui PGt s 5550510824251, 005

PCT/ AU95/ 00 =izt coﬁﬁ:ectﬂ&rmtercalpm vitich signtérnabs doméeeeﬂage a
offsets the further singlemode fibre to form a multiplexed sensor.

8. The method of claim 1 wherein multimode

10 waveguide includes at least one optical sensing element. ‘
9. ‘The method of claim 1 including the step of

‘coupling a light source and detector to the singlemode
optical fibre.

10. The method of claim 1 including coupling a 1light

15 'sou:ce- to the singlemode fibre, fusion splicing a further
singlemode fibre to the multimode waveguide at the desired
location and coupling a detector to the further singlemode
fibre.

| 1. The method of claim 1 wherein the multimode
20 waveguide is a multimode fibre.

12. A sensor including:
| a singlemode optical fibre formed f£rom .a
waveguide material and having a fibre core; and
. a multimode waveguide having a waveguide core,
25 . the multimode optical f£ibre being fusion spliced to the
| singlemode optical fibre soc that centres of the cores of
the singlemode fibre and multimode waveguide are aligned
and remain fixed at the splice; and
| wherein the multimode waveguide is cleaved or
30 polished, after fusion splicing, at a desired location
spaced from the fusion splice to localise the sensor.



fibre's advant ages of _BETEBEF*Eﬁﬁ‘ease~ei fabrication. The fibre optic
nodal netric ver ent weaknesses, is easy te
‘and costs re@?%ﬁ% ﬂmlm; Ie Such a sensi ng syé&gﬁﬁgéﬁm
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singlemode fibre which is coupled to a detecting device.

- 16. The sensor of claim 13 wherein the sensor is

coupled to a light source and a detecting device.

17. The sensor of claim 16 wherein the light source
and detecting device are coupled to the singlemode fibre so
that radiation, in use, is launched into the singlemode
fibre and propagates along the singlemode fibre and also
along the multimode waveguide wherein properties of the
radiation are aitqred due to changes in a parameter which
is to be monitored, and the radiation is reflected from the

" mirroring material back along the multimode waveguide and

singlemode fibre for detection by thg detecting device.

18. The sensor of ciaim 12 wherein a light source is
coupled to the singlemode fibre for launching radiation

_into the singlemode fibre, and wherein a further singlemode
_ f£ibre is fusion spliced to the desired location of the

multimode waveguide and a detecting device is coupled to
the further singlemode fibre for detecting radiation which
is passed through the multimode fibre and which has had a
property altered and wherein radiation propagates from the
multimode waveguide into the further singlemode fibre for
detection by the detecting device.



15 fibre and nultlnDde pared prior to fusion splicing by *
cl eavin Fﬂﬁ& shi ng end Eﬂﬁlgmgde and nmul ti node wavequi de to
establigﬂa? %nnoth surfaces at 5 of the S|nglem&$§4qé%@ﬂ@nd .
mul ti node wavegui de which are to be fusion spliced. 20 . The
met hod of claim 1 wherein the cleaving oragolishing at the desired | ocation
spaced fromthe fusion splice establishes a flat snmooth surface at the

desired |ocal®on. 4. The séhsorebiodlafimc il whereier ehe haldinige Mot h

25 surf aceabediifade ?ﬁla ated with a mrroring material to
refl ect radiatlgél'&b%gki%hroug%E ﬁuk?hﬁgde wavegui de and then the _

singl enode fibre to a detecting device. 5. The nmethod of claiml
wherein the singlenode 30 fibre is coupled to a light source, and a
detecti ng device. 6. The method of claim 1l wherein a plurality of
WD 96/ 08695 , PCT/ AU95/ 00568 - 28 - nul tinode
wavegui des and singlenode fibres are fusion spliced in end-to-end
relationship to.forma quasi- distributed sensor. 7. " The nethod of
claiml wherein a plurality of 5 singlenode fibres are fusion spliced to
respective mul ti node wavegui des and the plurality of singlenode fibres are
connected to a coupler which in turn is connected to a further singlenode

fibre to forma nultiplexed sensor. 8. The nmethod of claim1l
wherein multi nrode 10 wavegui de includes at |east one optical sensing
el ement. 9. - The nethod of claim11 including the step of coupling a

| i ght source and detector to the singlenpde optical fibre.

|



10. The nethod of claim1 including coupling a |ight 15 source to
the single | , fusion splicing a further singlenode fi

mul ti node V\%‘ga%d)%é?at the desired | ocation and coupling a detpgg’f%]rgy{,dge% he
further singlenode fibre. 11. The met hod of claim1l wherein the

mul tinode 20 waveguide is a nultinode fibre. 12. A sensor

i ncludi ng: a singlenode optical fibre fqrfgy froma wavegui de material and
having a fibre core; and a nul ti node wavegul de. havi ng a wavegui de core, 25
the nultinode optical fibre being fusion spliced to the singlenode optical
fibre so that centres of the cores of the singlenode fibre and nultinode
wavegui de are aligned and remain fixed at the splice; and wherein the
mul ti mode wavegui de is cleaved or 30 pol i shed, after fusion splicing, at
a desired location spaced fromthe fusion splice to |ocalise the sensor.

WD 96/ 08695 Fig 1 PCT/ AU95/ 00568 - 29 -
13. The sensor of claim 12 mhereﬂglthe cl eaving or polishing at the
desired | ocation spaced fromthe fusion splice establishes a flat snooth
surface at the desired location. 5 14. The sensor of claim13

wherein the flat snooth surface at the desired location is coated with a
mrror mat@& N AT I2e sensor of claimi12
wherein the cl eaved or o . ed to a
further 10 si ngl enode fibrggawhich is Cs 4 - e.
The sensor of claim 13 wheremNa the sensor [ B and
a detecting.dgvite™ — — _ :
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17. The sensor of claim 16 wherein the |light source and detecting
device are ¢ t he singl enode fibre so 15 t hat radi at} e,
is launched ﬁufﬁﬁgﬁe si ngl enode fibre and propagates al ong trmﬁéﬁ%@#@W§§
fibre and al so al ong the nultinode waveyyi@e wherein properties of the
radi ation are altered due to changes in a paraneter which is to be
monitored, and the radiation is reflected fromthe 20 mrroring materi al
back al ong the multi nobde wavegui de and E@g enode fibre for detection by

t he detecting device. 18. - The se of claim 12 wherein a |ight
source is coupled to the singlenode fibre for |Iaunching radiation into the
singl enode fibre, and wherein a further singlenbpde 25 fibre is fusion
spliced to the desired | ocation 8f the nul ti node wavegui de angpga detecting
device is coupled to the furthe§¥Vsingl enode fibre for detectipg radiation
which is pa sed fhrouag s node fibre and 7Ch_hasjlyad property
al tered and]wherei =3 18 de wavegui de
into the fuft s devi ce.
WO 96/ 08695]..
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