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ABSTRACT

Although structural health monitoring and patierdnitoring may benefit from the unique advantagespmtfcal fiber
sensors (OFS) such as electromagnetic interfergiiddf immunity, sensor small size and long terriatlity, both
applications are facing different realities. Thégpr presents, with practical examples, several ©éf$hologies ranging
from single-point to distributed sensors used tdress the health monitoring challenges in medical @ civil
engineering fields.

OFS for medical applications are single-point, rueiag mainly vital parameters such as pressuremperature. In the
intra-aortic balloon pumping (IABP) therapy, a nainire OFS can monitdn situ aortic blood pressure to trigger
catheter balloon inflation/deflation in counter-gation with heartbeats. Similar sensors reliablyitao the intracranial
pressure (ICP) of critical care patients, even rdursurgical interventions or examinations under io&@desonance
imaging (MRI). Temperature OFS are also the ideaitoring solution for such harsh environments.

Most of OFS for structural health monitoring arstdbuted or have long gage length, although gdesributed short
gage sensors are also used. Those sensors measahg strain/load, temperature, pressure and elioyes5OFOtype
deformation sensors were used to monitor and saher8olshoi Moskvoretskiy Bridge in Moscow. SafetyPlavinu
dam built on clay and sand in Latvia was incredsgedhonitoring bitumen joints displacement and terapee changes
usingSMARTapeandTemperature Sensitive Cahiead withDiTeStunit. A similar solution was used for monitoring a
pipeline built in an unstable area near Riminitaiyl.

Keywords: Single-point sensor, distributed and quasi-distéd sensors, electromagnetic interference immunit
temperature, pressure, strain, elongation, dynamét static monitoring, miniature sensors, instruieen
catheter.

1. INTRODUCTION

A civil structure could be regarded as a human bodge born and grown after completion of the cwmsion, it ages
and degrades with time, should eventually be redavhen damaged and finally dies when destructedoon out. For
both civil structures and human bodies, health hooing is an important concern to increase lifeeotpncy. Important
efforts have thus been accomplished in civil engiimg and medical fields in order to develop newlgdor better
inspection, diagnosis and prognosis. Among thoséstaneasuring physical parameters with opticagrfisensors’®
(OFS) is now considered as a reliable technologlypanbably as the best approach.

Several OFS technologies have been developed wittmercially available products that could be usedarious
health monitoring applications. In this paper, wesent how and why such sensors could be sucdgsapplied to
health monitoring of human body or civil enginegristructure$®. Similarities but also differences of the two e
are further discussed.
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2. OFSTECHNOLOGIES& HEALTH MONITORING

In the last decade, the tremendous developmenteotalecommunication market reduced consideral@yctist and
increased the performances of the optical fiberd ahthe associated optical components. The filpticosensor
segment, which is still a too small industry totifysby itself all the investments done so far irettelecom field, takes
however advantage of the progress made in theabm@mmunications. The OFS market will nevertheliessease
significantly in the future, as predicted by seVanarket studies. Certainly, high volume applicatidor OFS has to be
addressed commercially in order to be more and rnomepetitive with the usually less expensive andyfamiliar
solutions using electrical sensors. In particud@manding applications in which conventional semsoe difficult to use
present the best opportunities for fiber-optic sensAmong those applications, the ones involviaglth monitoring of
humans or civil engineering structures offer prdpdle best opportunities for the different tectogiés based on OFS.

2.1 Advantages of OFStechnologiesfor health monitoring

Even though OFS are apparently expensive for a spidad use in health monitoring, they are howeaiteb
approaches for applications where sensor/systerts @ye not the only important criteria or whereiatality in
challenging environments is essential. It is somes crucial to use a reliable technology for aiticealth monitoring:
price is often no longer a showstopper when lifthefhuman beings is in danger or when the secofitery expensive
systems such as aircrafts or civil engineeringcstmes could lead to catastrophic consequencesoimmercial
applications where OFS have been selected fortheadhitoring, the benefit often more than justifibe higher cost of
this type of technology. OFS can even become déstteve when involving an important number of sersssuch as in
civil engineering applications using quasi-disttdmlior fully distributed OFS. In some extreme atlons such as in
the oil and gas industry, OFS are sometimes thg awdilable solution for reliable and long-term ploal parameter
monitoring.

The greatest advantages of the OFS are intringittaked to the optical fiber which is either sing@ link between the
sensor and the signal conditioner, or is the seitself in long gage and distributed sensors. Imadt all OFS
applications, the optical fiber is a thin glas=filthat is usually protected mechanically with &p®r coating (or even
a metal coating in extreme cases) and often irénte@ cable designed to be suitable for targepi@ations. Since
glass is an inert material very resistant to alnadisthemicals even at elevated temperatures,ahigleal material for
applications in harsh chemical environments sucerasuntered in oil and gas wéllsparkplug enginésr inside the
human bod, It is also interesting since it is resistant teathering effects and it is not subjected to anyosion. The
later property is a great advantage for long-tesiable health monitoring of civil engineering sttures. Some
identified problems such as optical fiber hydroggarkenind™® is not necessary a problem when selecting the
appropriate interrogation technology and fiber tyBeing an inert material, the glass is also fldlgcompatible and
resistant to common sterilization techniques suwctxadation with ethylene oxide (EtO) gas or waiapor autoclaving.

Since the light confined into the core of the ogtifibers used for sensing purposes does not ttteséth any

surrounding electromagnetic (EM) field, OFS arer¢f@re intrinsically immune to any electromagnétiterference
(EMI). With such unique advantage over their eleatrcounterparts, OFS are obviously the idealisgnsolution when
the presence of EM, radio frequency (RF) or micneega(MW) cannot be avoided. For instance, OFS moll be

affected by any EM field generated by a lightningitg a monitored bridge or dam, unless the fiedamaged
thermally. In medical applications where an OF8denected to a life-supporting device, the EMI inmadiber sensor
increases the overall reliability in an environmeiith strong EMI background such as in surgicalmeacrowded with
various electrical equipments. Besides increasargar reliability, its EMI immunity could be a unig advantage for
instance, for hot spots monitoring in high-powexctdic transformers monitored with temperature OBBdesign, OFS
are intrinsically safe and naturally explosion granaking them particularly suitable for health moring applications
of risky civil structures such as gas pipelifes chemical plants.

Probably the greatest advantage of OFS is stiit #mall size. In most cases, the diameter of IS, usually in the
range of 125um to 500 um, is very appropriate in space-resttiei@vironments such as the instrumented catheders f
patients health monitoring or such as thin composiituctures. Most frequently, an OFS has an ge@ametry suitable
also for many applications where this becomes afitesuch as instrumentation of bolts or similglirdrical devices.

The ability of measuring over distances of sevkilameters, without the need for any electricaltfige component is
also an advantage inherited from the fiber optiecemmunication industry. This is an important feat when
monitoring large and remote structures such adipgseor multiple bridges along a single highway.
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All these general advantages make OFS a suitahldaofor a variety of health monitoring applicatis ranging from
human bodies to civil structures.

2.2 OFStechnologiesused for health monitoring

There is a large variety of fiber-optic sensorstealth monitoring, developed by both the acadeanit the industrial
institutions. Universities and industrial reseaceimters are developing and producing a large yaoesensors for the
most diverse types of measurements and applicationthis overview, we will concentrate on senstos health

monitoring that have reached an industrial levethat are at least at the stage of advanced fiets.t The candidate
technologies for monitoring a physical parametethvdFS can be classified in four main categoridging on the

position where the parameter is measured: singiat;plong gage, quasi-distributed and distributedsers. Several
differences exist in each category, depending amthe parameter is converted into light-coded infation.

Single-point (short gage) sensors

Among all the point sensing technologies develdpedealth monitoring, the Fabry-Pérot (FP) tecbgglis probably
the most widespread. The sensor design may difégrending on the parameter to be measured, buyslkeping the
same concept consisting of two partially reflectiwgfaces (mirrors) facing each other in orderreate interferences
between the beams reflected by them. The moniteaegimeter (temperature, pressure, strain...) chahgegap size or
the index of refraction of the medium between therars, producing changes in the interference betwdne beams.
The interference changes can be monitored by ugihgrent or low-coherence techniques to measurgahehanges
with a relatively low cost such as the patefitedhite-light interferometer technology commerciatiz by FISO
Technologies Several sensor designs are available. One appneses two cleaved optical fibers facing each other
separated by an air gap of few microns. The twerfiltare mounted inside a capillary tube and canske as sensor
either for temperature=QT-L, FOT-H) or for strain FOS-N EFO, SFO-W. A similar configuration with a flexible
reflecting membrane mounted on a glass structutie asivacuumed cavity can be used as an absolussyseesensor
(FOP-M, FOP-MIV, FOP-Q). The gap of FP interferometer can be filled algith a semiconductor having a
temperature dependant refractive index to obtdengerature sensoFQT-HERQ FOT-MSB. This gap with a fixed
length could be open to the environment to obtaiafactive index sensor for gas or liquid&R(). Many single-point
FP sensors have found applications in health mongdrom human body**to civil structure¥’.

Other interesting single-point sensors technolodiase been used industrially mainly for temperatinesalth
monitoring. The GaAs technology uses the tempegadependent change in reflectivity of this semieantdr in the
visible range. A small GaAs chip is simply gluedfs end of a multimode optical fiber and is illumaied with a white
light. A spectrometer is analyzing the temperatlependent reflection spectrum with typical +2°Cwaecy that is
enough for applications such as hot spots mongoitn high-power electric transformers. A good exé&mior this
application could be th€PT-32sensors developed BYSO Technologies

The phosphorus decay technology uses a thermotisensinosphorescent material excited usually withused narrow
band source such as flashing light emitting diddel)). The excited phosphorescent material reengts lat a longer
wavelength with an intensity decreasing expondgtialith temperature-dependent time decay: the higthe
temperature the faster the decay. With +0.5°C aaguand about 1 Hz sampling rate, such technologidde used for
temperature monitoring in various applications.

Long gage sensors

The SOFO system®!" is a long gage fiber-optic deformation sensor wéthesolution in the micrometer range, an
excellent long-term stability and insensitivity temperature. It was developed at the Swhssleral Institute of
Technologyin Lausanne (EPFL) and is nhow commercialize SBARTECandRoctest GroupThe measurement setup
uses low-coherence interferometry to measure thgghedifference between two optical fibers ins@@lén the structure
to be monitored. The measurement fiber is pre-teresl and mechanically coupled to the structurevatanchorage
points in order to follow its deformations, whileet reference fiber is free and acts as a temperaéderence. Both
fibers are installed inside the same pipe and thasarement basis can be chosen between 200 mmOamd The
resolution of the system is ofin independently from the measurement basis argtétssion of 0.2% of the measured
deformation even over years of operation. B@FOsystem has been successfully used to monitorrsodee than 400
structures, including bridges, tunnels, piles, anetl walls, dams, buildings, historical monuments;lear power plants
as well as laboratory models.
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Quasi-distributed sensors

Quasi-distributed sensors are mainly used in strathealth monitoring where a limited number afisag points are
located on the same fiber. The fiber Bragg grafif§BG) is the dominant technology of this type ehsor. Bragg
gratings are periodic alterations in the indexadfaction of the fiber core that can be produceddyquately exposing
the fiber to intense UV light. The produced grasimgpically have length of the order of 10 mm. thiaable light source
is injected in the fiber containing the gratinge tlvavelength corresponding to the grating pitch kgl reflected while
all other wavelengths will pass through the gratimglisturbed. Since the grating period is straid semperature-
dependent, it becomes possible to measure thesgavemneters by analyzing the intensity of the oédle light as a
function of the wavelength. This is typically donsing an interrogator such as tMeSTreading unit frorSMARTEC
or a spectrometer. Resolutions of the order pE land 0.1°C can be achieved with such demodulatbsirain and
temperature variations are expected simultaneoitslg, necessary to use a free reference gratiag ieasures the
temperature alone and to use its reading to cothecstrain values. Setups allowing the simultasebeasurement of
strain and temperature have been proposed, butyledve prove their reliability in field condition¥he main interest in
using Bragg gratings resides in their multiplexaapability. Many gratings can be written in the sdiber at different
locations and tuned to reflect at different wavgtbés. This allows the measurement of strain atediffit places along a
fiber using a single cable. Typically, 4 to 16 grgs can be measured on a single fiber line. Itthase noticed that
since the gratings have to share the spectrumeo$diarce used to illuminate them, there is alwatyage-off between
the number of gratings and the dynamic range ofrtasurements on each of them. Because of thejthlefiber Bragg
gratings can be used as replacements for convanhtirain gages and installed by gluing them onataeand other
smooth surfaces. With adequate packaging, theyatsmbe used to measure strains in concrete owes kength of
typically 100 mm.

Distributed sensors

In fully distributed OFS, the optical fiber itsedicts as a sensing medium, which could also be tseliscriminate
different positions of the measured parameter atbegfiber such as for Raman or Brillouin distribditsensors. Each
technology has advantages used for different strakchealth monitoring strategies.

Brillouin scattering sensofs?° show an interesting potential for distributed istrand temperature monitoring. Systems
able to measure strain or temperature variatioribefs with length up to 30 km and with spatiadalition down in the
meter range, are now demonstrating their potemiahe first field applications. For temperature aserements, the
Brillouin sensor is a strong competitor to systdmased on Raman scattering, while for strain measemés it has
practically no rivals. Brillouin scattering is theesult of the interaction between optical and sowades in optical
fibers. Thermally excited acoustic waves (phongm&duce a periodic modulation of the refractiveexdBrillouin
scattering occurs when light propagating in theerfils scattered backward by this moving gratingingj rise to a
frequency-shifted component by a phenomenon sirtoldne Doppler shift. This process is called spoabus Brillouin
scattering.

Acoustic waves can also be generated by injectinghé fiber two counter-propagating waves with egérency
difference equal to the Brillouin shift. Througteetrostriction, these two waves will give rise taraveling acoustic
wave that reinforces the phonon population. Thaxess is called stimulated Brillouin amplificatidhthe probe signal
consists in a short light pulse and its reflectaeénsity is plotted against its time of flight afndquency shift, it will be
possible to obtain a profile of the Brillouin shéfiong the fiber length.

The most interesting aspect of Brillouin scatterifog sensing applications resides in the tempeeaamd strain
dependence of the Brillouin shift. This is the tesd the change in the acoustic velocity accordiogariation in the
silica density of the fiber core. The measurementhe Brillouin shift can be approached using spaebus or
stimulated scattering. The main challenge in usipgntaneous Brillouin scattering for sensing ajgpilins resides in
the extremely low level of the detected signal. sThequires sophisticated signal processing andivela long

integration time. Systems based on the stimulatedo&n amplification have the advantage of worgiwith a

relatively stronger signal but also face anothallenge. To produce a meaningful signal, the twanter-propagating
waves must maintain an extremely stable frequeriigrence. This usually requires the synchronizatid two laser
sources that must inject the two signals at theosip® ends of the fiber under test. Another methodsists in
generating both waves from a single laser souragguen integrated optics modulator. This arrangegmeased in the
DiTeSt system commercialized b$MARTEC offers the advantage of eliminating the need tigo lasers and
intrinsically insures that the frequency differenegnains stable independently from the laser dsittch instruments



SPIE Smart Structures and Materials & Nondestructive Evaluation and Health Monitoring
14" International Symposium, 18-22 March 2007, Sargbj&alifornia USA
Health Monitoring of Structural and Biological Sgets (SSN10 Conference)

typically feature a measurement range of 10 km witipatial resolution of 1 m or a range of 30 krthwai resolution of
2 m. The strain resolution is 2@ and the temperature resolution is 1°C. Since thiléBin frequency shift depends on
both the local strain and temperature of the fitkex,sensor setup will determine the actual seitgif the system. For
measuring temperatures, it is sufficient to uséaadard telecommunication cable. These cables esignked to shield
the optical fibers from an elongation of the cabliee fiber will therefore remain in its unstraingtdte and the frequency
shifts can be unambiguously assigned to temperaturiations. If the frequency shift of the fiberkisown at a reference
temperature, it will be possible to calculate thedute temperature at any point along the fibeza$iring distributed
strains requires a specially designed sensor. Aargcal coupling between the sensor and the hasttate along the
whole length of the fiber has to be guaranteed.r8smlve the cross-sensitivity to temperature vienat it is also
necessary to install a reference fiber along th@rstsensor. Th&MARTprofilesensor fromSMARTECincorporates
both the strain and the temperature sensing filpeassingle packaging. Similarly to the temperatmse, knowing the
frequency shift of the unstrained fiber allows &s@ute strain measurement.

Using Raman scatteriftf? it is possible to obtain distributed temperatuneasurements over typically a few
kilometers. Contrary to Brillouin scattering, nagash measurement is possible. The Raman scatt@rioduces two
broadband components at higher and lower frequertbian the exciting pump wave. Measuring the intgnstio
between these bands, called the Stokes and amksStmissions, allows calculation of the tempeeafitrany given
point along the fiber line. Typical spatial resaduis are of the order of one meter and temperagasalution of 0.2°C.
The usual range of these instruments is in thera@@-10 km.

3. PATIENT HEALTH MONITORING WITH OFS

Alike condition monitoring of civil structures orosks, evaluation of patient health does not reljyan a single
measurement. Certain diagnoses relating to theiglbgy or the functional defects of certain orgaarsd systems
require a physiological follow-up of the conditioosphenomena from several hours to several ddyes.rifost common
measured parameters are body or tissue tempergt@ssure in vessels or drains, and strain apmliedissues or
structures during therapies or minimally invasivegeries. Most fiber-optic sensors used in mediggdlications are
point sensors but some applications involving qaéstributed sensors are slowly emerging.

Besides biocompatibility and chemical inertness, ttho main advantages offered by optical fiber sengteresting for
medical applications are their miniature size almtteomagnetic insensitivity. The first allovils situ monitoring in

small areas such as blood vessels and eases #graidn in medical equipments such as instrumentdteters
dedicated to minimally invasive surgeries or theaspThe second advantage enables reliable measntgrim the
presence of electromagnetic interferences suchase tencountered in modern operating rooms filled many types
of electronic equipment or created by the intereentethod itself that may use electromagnetic wggech as RF or
MW).

With stable and always accurate measurements, geppatient health monitoring could be performdibwang a fast
feedback loop control in certain interventions {s@as in intra-aortic balloon pumping therapy) avwsr physiological
drift monitoring (such as intracranial pressurgéesnperature monitoring under magnetic resonancgiimgs

3.1 [1ABPtherapy

The intra-aortic balloon pumpifit®™ (IABP) therapy, developed more than 30 years &ga life-supporting mechanical
assistance usually used when pharmacologic thdedisyor presents a high risk of mortality or mality due to high

drug doses. Such therapy is often used tempotarinelp patients recover from critical heart digsagr to wait until a

transplant is performed. It consists of insertiggnerally through the femoral artery, a small cath&erminated by an
inflatable balloon which is then positioned int@ tescending aorta (the vessel receiving the b&jected from the

heart) just below the subclavian artery as showrrign 1. Once in place, the balloon inflates betwéeartbeats
(diastolic phases) to help maintaining the artepia@ssure especially in arteries feeding bloochto lirain and to the
heart. The balloon deflates during heartbeats gggphases) to ease blood exiting from the hegrtrdeating a local

depression. As it is easily understood, synchrditimaf balloon rapid inflations and deflationscidtical for the success
of such counter-pulsation therapy. Such synchrooizais usually performed using the patient's ets@rdiogram

(ECG) or preferably using arterial pressure wavafor

Unfortunately, for many patients requiring IABP nabmal ECG due to atrial fibrillation and other &gpof arrhythmia
related to their condition or the use of a pacemakea defibrillator prohibits on the use of ECQErsl for
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synchronization. Furthermore, weak electrical sigridc CG could also be fooled by the use of eleatrsurgical tools
creating a burst of electromagnetic interferenddwe other method clearly indicating heartbeat phasethe blood
pressure measurement, which is high during thet loeeatraction (systole) and low during heart reted (diastole).
However, synchronization with the heart requiresyviast and reliable pressure reading, especiaith \& clear
detection of a small pressure event, called theoti@c notch and corresponding to the aortic vall@suare, which
separates precisely systolic and diastolic phasgs$o now, the most popular method for pressuresmneament relies on
a fluid-filled catheter combined with an externaégsure electrical transducer. The pressure isrrdted though the
catheter from its distal tip located in the aonta é&s proximal end connected to a transducer éatatfew meters away
from the patient. Dynamic response of such appraatiowever limited due to several pressure atsfgenerated by
fluidic transduction such as delayed response amdpthg effects caused by catheter elasticity, flimertia, wall
friction (especially when diameter is reduced) log presence of tiny bubbles in the system. Pressegsurement is
also strongly affected by catheter vibratirend hydrostatic pressure variation occurring ¢anh the patient changes
his position (generally, the patient should stayndydown and the correction is performed at theid@gg of the
therapy) which practically always occurs during egeecies and during patient transportation.

Balloon

Fig. 1. IABP catheter instrumented wiEOP-MIV pressure OFS. The catheter is usually insertedigr the femoral
artery and is positioned in the descending aoetd) (IDuring the therapy, the balloon is cyclicaihflated and
deflated in counter-pulsation with the heartbeae FOP-MIV sensor (top right photo: bare sensor inserted in a
gage 24 hypodermic needle) positioned at the tip@balloon (circle in bottom right photo) provida reliable
measurement of the intra-aortic pressure thated €@ balloon triggering.

In order to solve all problems associated withdiipressure transduction, an original solutionsisis of integrating a
miniature fiber-optic pressure sensor, such as=tE-MIV developed by¥ISO Technologiedirectly at the tip of the
catheter (Fig. 1), exactly where the aortic pressuaveform has to be measured. This has the deéradvantage of
in situ pressure monitoring over the fluid-filled catheteithout risking EMI in the pressure signal tranted to the
IABP pump system. Since traditional intra-aortitheder size of 7.5 to 8 Frenchl .5 mm to 2.75 mm) is probably the
present physical limit for fluid pressure transion®’, the use of a optical fiber now allows cathetemutter reduction
to 7 Fr (0 2.3 mm) or below. This size reduction is highlysidable in order to reduce the incidence of IABRBctdar
complications such as ischemia, caused by obsttubteod flow leading to tissue deficit in oxygendamhich
represents the highest risk of the therapy. Thetfat the optical pressure sensor is insensitvanty electromagnetic
interference is highly desirable since the sensaofdcbe used even during surgery with electricso®he use of OFS
for IABP therapy therefore provides a better cdniwb reliable balloon triggering. Thanks to massduction
technology and automated assembly with top qualdptrol such as these developed BASO Technologiesa
commercial product integrating OFS could advantaglydbe the solution for IABP therally

Since front tip mounted miniature OFS are not affiddy lateral pressure (contrary to miniature @éectric pressure
sensors), they could be used for pressure invéistigén vessels experiencing peristaltism such @soentered in
urologic or digestive systems. Several pressursasrcould also be mounted into the same catheterdier to allow
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differential pressure measurements, which couldfligeat interest for pathology diagnosis in camiy or urology for
instance. Integration of miniature OFS into insteunted catheters obviously offers many new advastagd opens the
way for the expanding field of minimally invasiveurgeries/therapiésthat reduce risks and overall costs of
interventions.

3.2 ICP monitoring

The brain is contained in the skull, a rigid con&i and any abnormal liquid accumulation such ka®&d or
cephalospinal fluid (CSF) or mass lesions suchuamts, pus or hematoma may increase intracrangsspre (ICP).
High ICP is a common cause of death among neurddbgiatients and sustained high ICP suggests pagnpsis’.
Forty percent of patients admitted unconscious gl ICP. In this group, high ICP will be the Ié&agl cause of death
in half of case€ and effective treatment of high ICP was proverreduce mortality”. ICP monitoring is therefore
critical and it is generally performed by two types measurements: the punctures (such as lumbartymeh and
continuous pressure measurements with implantatleters.

In circumstances like head trauma with blood coitecor aneurysm, ICP may increase rapidly. In tbade, even

repeated lumbar punctures may not offer the coatisueading required to identify a dangerouslyeasing ICP before
actual brain damage. Besides the associated riskfeotion, it can also be added that the riskiin displacement due
to withdraw of high pressure CSF during punctuned the inaccuracy related to the indirect readifithe pressure in

lumbar column instead of the pressure within thellk make the punctures methods not the best onesaferpatient

ICP monitoring.

Better results are usually obtained using an intpthrfluid-filled catheter for continuous pressuremnitoring. One

method called hollow skull (also known as Richmaadew), measures pressure at the dura mater Rueh mater is

the first of the three layers of meninx which ewpels the brain. It is composed of two fibrous layend the external
one adheres to the skull. This method does notsséate a deep catheter insertion into the brauerdfore, it is easier
to achieve, but studies show that, particularliigh ICP, it underestimates the true fEB which could have dramatic
impacts. A more accurate method, actually consitlasethe gold standard method, consists to meéseid€P with an

intra-ventricular fluid-filled catheter externallyonnected to a strain gauge that can be externaliprated against a
reference. However, fluid-filled catheters havegeigdiameters, which, besides the other probleresidy described in
the previous section, complicates the placemetitérventricle when the later is displaced or sqedelt also involves
potential injury to other parts of the brain anskesious increase in infection risk after three dafyisnplantatiori’.

An implantable catheter-tip instrumented with aiatiire OFS, such as tiP-MIV developed byISO Technologies
introduced into the catheter offers the possibitifyusing significantly reduced diametefs {.2 mm or smaller). It
allows easy insertion in the brain tissues and oreasan absolute vivo ICP without the need for hydrostatic pressure
correction such as the case with fluid-filled céghe Even though this system cannot be calibriaitaity, studies have
shown a close correlation between the intra-vemaicmethod and the catheter-tip transducer métiad

It should be noted that evaluation of brain tissyeries often rely on computed tomography (CT)rscand magnetic
resonance imaging (MRI). However, in some occasibRl surpasses CT scan in the visualization of 8sues like

the brain and this imaging method is therefore Widesed to evaluate tissue injuries, lesion types their extent. With
the enhancement of MRI devices and adaptationngfical tools, MRI is now even brought into opergtimoms where
it is performed as the brain surgery progressebe(tanterventional MRI). As MRI technology usegghiintensity

magnetic fields, any material that may be influehby EM fields or create imaging artifact shoulddwided. Being
intrinsically inert to EM fields, optical sensors dot interfere with MRI and offer thus the mospegpriate solution for
continuous and secure ICP monitoring even durind ptBcedures.

In conclusion, the miniature size of pressure @ptisensors widens access to brain intra-ventricpi@ssure
measurements, considered as the most accuratedriettiee evaluation of the patient's ICP status.| Bnpatibility of
OFS permits continuous monitoring of critical pateeduring diagnostic and surgery involving MRI.

3.3 Temperature monitoring under MRI

As it was already underlined, MRI equipments arg moore common powerful imaging tools in modern li@dp.

Contrary to X-Ray or CT scan, which could imagsugs with important density contrast such as bdvés,could be
used for finer imaging of body soft tissues andaoghaving similar density but very different mallec composition,
such as nervous structures, ligaments, tendondViRt.equipments use very intense magnetic fieldiallg ranging
from 0.2 to 3 T (3 T corresponds to approximatelyrenthan 50 000 times terrestrial magnetic fieRl)ch technology
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has the great advantage of being radiation free safied imaging method, provided that the patientsdoet have
ferromagnetic implant in his body (such as metatws, pacemaker or other implanted devices), wisexeRay and
especially CT scan (corresponding to multiple X-Ramapshots) give cumulative radiation dose afteh eaposure.
However, in order to get finer details in the imageictures that could be also reconstructed imfdsions, the MRI
industry trend is to increase the static intensgmatc field (some laboratory MRI equipments halreaaly 11 T or
higher). Due to energy transfer to the patientyeawe magnetic field could sometimes create somal Ibeating,
especially in areas where biomaterials (although
often MRI compatible) have been implanted and
some patients could have tingling sensations. In
such conditions, it is thus crucial for patientesgf

to monitor locally the temperature using a sensor
that is not affected by electromagnetic
interferences. Optical fiber temperature sensors,
such as th&OT-L sensor fronFISO Technologies
packaged for this application (see Fig. 2), is an
adapted solution for skin temperature monitoring of
patients under MRI.

Since body temperature is an important vital sign
indicating a patient's condition, it is usually
continuously monitored for critical care or sedated
patients. When diagnostics or surgeries on such
Fig. 2. Bare (left: in a gage 24 hypodermic needf®) packaged patients require MRI, clinicians are faced with the
(nght) FOT-L temperature sensor is suitable fomsk problem of having to stop temperature monitoring
temperature monitoring of patients that are unetgeene during this procedure since it is usually done with
magnetic field during MRI procedures. . . -
conventional electrical sensors. Including the
preparation and the MRI examination, this may mleaimg several hours of temperature monitoring thaome cases
might be critical. When using fiber-optic temperatsensors for critical patient care, the task eflizal technical staff
is greatly simplified since a single monitoring tignentation will be operational in all diagnosand surgical
environments the patient could encounter. Withhirrtprice reduction associated with mass produatio®FS for
medical applications, such sensors would be prebidig ideal and standard solutions for simplified safer patient
health monitoring in future modern hospitals.

4. STRUCTURAL HEALTH MONITORING WITH OFS

When used in civil engineering applications, thentimned advantages of fiber-optic sensors remdid.v@or instance,
having a miniature size sensor makes it possibleattkage it in a way to make it compatible with tbagh on-site
conditions. Electromagnetic insensitivity is alsseful to allow proper function even under lightenstrokes or when
high electromagnetic fields are present such aswanered in electrical power transformers or inrgpéransportation
applications. High temperature and corrosion raste are additional advantages for oil and gasrag-term structural
health monitoring applications. Nevertheless, ohéhe greatest advantages of such sensors is edyihe ability to
offer long range distributed or quasi-distributealpabilities if proper interrogation technology ised. The main
physical parameters for civil health monitoring s@ad by fiber-optic sensors are mostly strain/ldathperature,
pressure and elongation.

The following examples illustrate typical applieats of fiber-optic sensing technology to structinedlth monitoring.
4.1 Anhistoric bridgein M oscow

The Bolshoi Moskvoretskiy Bridge was built in 1938; over the Moscow River. It is situated in dowmtoMoscow,

next to the Kremlin, and leads one of the mainfitdfnes to the Red Square. This relatively lomgas was very
advanced at that time. The bridge consists of tpexallel 100 m long reinforced concrete archesléndbehind stone
walls. The cross-section of each arch containsetimerged boxes. Several columns support the supsrse of the
bridge. Four traffic lanes cross the bridge in edicéction.
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Fig. 3. Cracking of the stone walls (ellipses dit pdotos) confirms the settlement in the middlgha arch; penetration of
chlorides is visible in the interior of the archxies (right photo).

Two types of degradation are apparent on the br{Eige 3): 1) settlement in the center of the attwdt provoked the
cracking of the stone walls near abutments on bités of the bridge and 2) chloride diffusion thent through the
upper wall of the arch boxes in some sections, lave penetrated inside the boxes.

The condition of the bridge after nearly 70 yeafrservice and its functional and historical impoda have led the
authorities to decide to continuously monitor stuual behavior of the bridg&MARTECsupplied the instrumentation
and sensors, arBMARTEG integrator partner in Russi@iriada Holding designed and installed the solution. The aim
of monitoring system is to: 1) preserve this hist@tructure, 2) understand the structural behaefdhe structure, 3)
increase safety and 4) reduce maintenance costs.

A total of 16 optical sensorSMARTEG SOFOsensors) are installed in order to continuouslyiteo average strain
along the arch, curvature in both, horizontal amdtieal directions and the deformed shape (Fig.ld)order to
distinguish thermal influences, 6 thermocouplesaise installed. The data is sent remotely to tharol room via a
telephone line.

The installation of all the SOFO
equipment was completed in June 2003,
and the long-term monitoring began. The
first year of data was used to establish a
baseline to compare to future readings.
Optical sensors were chosen for several
reasons. Optical sensors are insensitive to
corrosion and vibration so they will last
for decades on the structure without any
degradation. Once sufficient data is
collected, the analyzing instrumentation
can be disconnected and used for other
applications — then returned to the Bolshoi
Moskvoretskiy Bridge for periodic checks
of the structure. Other reasons were
related to the technical progress: the

_ _ _ - project also aimed to introduce innovative
Fig. 4.SOFOsensor before (left) and after (right) protectbewer was installed. technologies in Russia.

Visual inspections uncovered several worrisome ttimms on the bridge. The fiber-optic structurahlie monitoring
system will help the bridge’s operators to undemtavhat corrective action, if any, is required épair the bridge.
Perhaps the data will show that the structure resnabund and there is no need to invest too mucheydor
preemptive repairs.
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4.2 Bitumen Joint Monitoring in a Dam

Plavinu is a dam belonging to a complex of threghlyi important hydropower plants (HPP) on the DawagRiver in
Latvia (see left photo of Fig. 5). In terms of caipa this is the largest hydropower plant in Latand is the third level
of the Daugava's hydroelectric cascade. It wastnaeted at 107 km from the mouth of Daugava Rivet B unique in
terms of its construction: for the first time irethistory of hydro-construction practice, a hydnwpo plant was built on
clay and sand foundations with a
maximum pressure limit of 40 m of
water. The HPP building is merged
with a water spillway. The entire
building complex is extremely
compact. There are ten hydro-
aggregates  installed at the
hydropower plant and its current
capacity is 870 MW.

One of the dam inspection galleries
coincides with a system of three
bitumen joints that connects two
separate blocks of the dam. Due to

i the abrasion produced by the water,
Fig. 5. General view of Plavinu dam in Latvia (JeindSMARTapénstallation in the the joints lose bitumen and a
inspection gallery (right). redistribution of loads in the

concrete arms appears. Since the
structure is now nearly 40 years old, the strut¢tcmadition of the concrete could be compromised ttuageing. Thus,
the redistribution of loads could provoke a damafjthe concrete arm and consequently, the floodintdpe gallery. In
order to increase the safety and enhance the maresgectivities, it was decided to monitor the ager strain in the
concrete arm next to the joints. ThéleStsystem witltSMARTapaleformation sensor afictemperature Sensing Cables
from SMARTECwere used for this application (see right photd-igf. 5). The sensors were installed by the company
VND2 with the support oSMARTECand configured remotely from tH@MARTECoffice in Switzerland. Threshold
detection software with open-ground modules wagailesl in order to send automatically the pre-wagsi and
warnings from thé®iTeStinstrument to the Control Office.

4.3 GasPipeline Monitoring

About 500 meters of a 35 years-old buried gas pipellocated near
Rimini, Italy, lie in an unstable soil. Distributestrain monitoring could
be useful in order to improve vibrating wire str@jauges monitoring
system, currently used on the site. The landslatepgrogressed in time
and could deform the pipelines up to the point g putting them

out of service. Three symmetrically disposed vibgtwires were

installed in several sections spaced typically BylBO m, in the most
stressed regions according to a preliminary engingeevaluation.

These sensors were very helpful, but could noy futlver the length of
the pipeline and they could only provide local meaments.

To dramatically increase the density of the straading, different types
of distributed sensors were installed BMARTEC SMARTapeand
Temperature Sensing Cabl€hree parallel lines built of five segments
of SMARTapesensor were installed over the entire monitoregjtke of the pipeline (see Fig. 6). The lengths athe
segment were ranged from 71 m to 132 m, and thitigo®f the sensors with respect to the pipeliris avere at 0°,
120° and —120° approximately.

Foo

Fig. 6. SMARTap installed on the gas pipelil

The strain resolution of tteMARTapés 20 |, with spatial resolution of 1.5 m (and an acgigsitange of 0.25 m) and
provides the monitoring of average strains, avei@ageatures and deformed shape of the pipeline. Tdraperature
Sensing Cablsvas installed onto the upper line (0°) of the pipein order to compensate the strain measurenfents
temperature. The temperature resolution of theamersl°C, with the same spatial and acquisiticsohation than the
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SMARTapeAll the sensors are connected to a central meammt point by means of extension optical cablaes an
connection boxes. A singlBiTeStreading unit is interrogating all the sensors frtns point. Since the landslide
process is slow, the measurement sessions argmedananually once a month. In case of an eartheuakadditional
session of measurement is performed immediatebr dfte event. All the measurements obtained withDHeSt
system are correlated with the measurements oldtainid vibrating wires. At present stage, the sesdtave been
measured for a period of two years, providing ie$éing information on the deformation induced byying and by the
landslide progression. A gas leakage simulation alss performed successfully using themperature Sensing Cable
to detect the rapid cooling associated with a gak.|

5. CONCLUSIONS

Fiber-optic sensors can be reliable tools for healbnitoring in a variety of applications rangingrh the human body
to civil structures or works. Although both worldsem to address very different realities, they lahefit from the
intrinsic unique advantages of OFS, which are rggikin this paper. Obviously, each class of apptica has its own
approaches. For medical applications, miniature sind total immunity to EMI are probably the masiportant
advantages of OFS over other existing technolodies. civil structures applications, long-term rbilagy in all
weathering conditions including lightning strokesdahe possibility of having distributed sensorsheut any power
supply along a single optical fiber spanning seMdfameters, make this technology so attractive.

Thanks to different available technologies offersiggle-point, long gage, quasi-distributed or ritistted sensors, the
most appropriate ones could often be selected Gmmmercially available solutiof's However, since adapted sensors
solutions responding to application and marketnted specific needs are usually required, manyumisdoften require
custom design. This is usually not a big challewben the optical sensing core technology alreadst®rgommercially.
Most of the customization often targets mainly sesispackaging, system deployment, data acquisitamagement
and data processing. This bundle of expertise and-lime experience from tHRoctest Groupcurrently the largest
supplier of OFS systems worldwide, will help to ard this high-tech market.

With the proliferation of fiber-optic sensors ttatve now started to be mass-produced in ordeisfiore to the medical
and civil engineering market needs, OFS technotogiél become more and more accessible for an asing number
of applications. Definitely, the broad range of Ifeanonitoring is probably the most promising ohew that products
and technologies are more recognized and bett&psed by the end-users communities, OFS will furdéapand in

markets in which their theoretical and technicaleadages over other competitive sensing technddogre already
apparent.
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