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Polarization prop erties of the trans mitted optical signal in polarimetri c
Ùb er-optic sensing systems for dynamic strain measurements as w ell as for
smart structures applicati ons are presented . T he smart structure consists of
highly biref ringen t Ùber emb edded in an epoxy cylind er.

PAC S numb ers: 42.81.Gs, 42.81.Pa

1. I n t rod uct io n

F iber-opti c sensi ng systems are being presentl y tested in a vari ety of smart
str uctures and ski ns appl icati ons [1{ 4]. In parti cul ar , po lari m etri c sensors wi t h
hi ghly bi ref ringent (HB) polarizati on-m ainta ini ng opti cal Ùbers have focused a
great interest for use in conjuncti on wi th com posite m ateri als. Thi s growi ng inter-
est has been mainl y m ani fested in successful appl icati ons of HB Ùbers into Ùber
opti c sensors based on polari m etri c interf erence [4]. An inÛuence of a vari ety of
physi cal param eters on the mode propagati on in HB Ùbers is of special importa nce,
since a num ber of physi cal quanti ti es can be measured on the basis of the Ùbers.
R ecently, the sui tabi l i ty of HB few-mode Ùbers for the m easurement of hydro stati c
pressure, twi st, and stati c and dyna m ic stra in has been successful ly demonstra ted
[4{ 9].

There is at present much ẽ o rt to appl y polari m etri c Ùber-opti c sensors to
m easure stra in in ai rcra ft or concrete structure s usi ng a concept of so-cal led smart
skins and structure s. Smart structures or smart skin are structura l components
wi th netwo rks of Ùber opti c sensors embedded in the com posite materi al m atri ces.
The com posite materi als are m ade from epoxi es or polyi mides. A m ore am bi tio us
and com plex use of smart structures inv olves l inki ng Ùber opti c sensors wi th the
real- ti m e com puter- contro l system s. In thi s m odel , Ùber-opti c sensors are embed-
ded in a panel to be integrated wi th the pl ane wi ng or the constructi on. The
sensors moni to r envi ronm enta l e˜ects such as stra in and bendi ng. In response to
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computer output, a Ùber opti c l ink coul d dri ve rem ote actua to rs. Thus, a com -
pl ete smart structure would not only detect probl ems but also respond to them
instanta neously.

Fi ber opti c sensing system s can also be appl ied to perform a dyna m ic stra in
m easurement. Such a system can be appl ied in the ra ilway industry for wheel
Ûatness checking.

The paper presents results of studi es on the opti cal response of highly- bi re-
fri ngent- Ùbers based sensors and structures . Two di ˜erent experim ental conÙgura-
ti ons were considered where hydro stati c pressure and dyna m ic stra in were appl ied.

2. T heor et ica l b ack gr ou nd

Hi ghly bi refri ngent polarizati on-m ainta ining Ùbers have a bui l t- in, wel l-de-
Ùned high interna l bi ref ringence. HB Ùbers are obta ined by designing a core wi th
non-circul ar (m ostly ell ipti cal ) geom etry or by intro duci ng asym metri c stress over
the core of the Ùber, either by means of ell ipti cal claddi ng or by fabri cati ng the
Ùber wi th tw o regions of highl y doped glass located on opp osite sides of the core.
Bi refri ngence can also be created whenever a Ùber underg oes elastic stresses result-
ing from externa l perturba ti ons such as hydro stati c pressure, longi tudi nal stra in,
squeezing, twi sti ng, and bendi ng, etc. The externa l perturba ti on thro ugh the pho-
to elastic e˜ect l i fts the degeneracy of the l inearly polari zed m odes and induces
extri nsi c bi refri ngence. Thus, the m odal behavi or of the lowest-order m ode HB
Ùbers under vari ous externa l deform ati ons is of special interest for sensors and de-
vi ces. A numb er of physi cal quanti ti es can be m easured on the basis of two -mode
HB Ùbers: hydro stati c pressure, stra in, vi bra ti on, tem perature, acousti c wa ve, etc.

A sym metri c deform ati on e˜ect inÛuences the propagati on consta nt Ù i in
every m ode. It occurs due to changes of opti cal Ùber length (L ) and the refracti ve
indi cesof the core and the claddi ng. Thi s leads to changes in the phase ` i = Â Ù i L

along the Ùber

£ ` i = £ (Â Ù i ) L + Â Ù i £ L ; (2.1)

where i = x ; y ; £ ` x and £ ` y are the phase changes of two ortho gonal polarizati on
m odes LP x

0 1 and LP y

0 1
.

If the externa l perturba ti on is denoted by ¿, then an increase by £ ¿ wi l l cause
a change in both, the Â Ùi and the L by @(Â Ùi ) =@¿ and @L= @¿. Thus, from (2.1)
i t is obta ined tha t

£ ` i =

ç
@(Â Ùi )

@¿
L + Â Ù i

@L

@¿

Ñ

£ ¿ =
2 ¤

T i ;¿

£¿ = Ê i ; ¿ £ ¿: (2.2)

The quanti ti es T i ; â ( i = x ; y and â = ¿) have the di mension of the m easur-
and ¿ whi le Ê i ; â have the inverse dim ension. These are experim enta l ly measurable
parameters tha t determ ine the sensiti vi ty of the sensor to a given externa l pertur-
bati on.

£ ` x and £ ` y are responsibl e for the changes of the output polarizati on state
of the l ight propagati ng in the Ùber under deform ati on. In such a case the inter-
m odal polarizati on interf erence between polari zati on m odes LP x

0 1 and LP y
0 1 occurs

and requi res the use of an analyzer pl aced at the output of the Ùber, see Fi g. 1.
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Fig. 1. Def ormation e˜ect in a H B Ùber modulates light intensity after the analyzer.

Thus a deform ati on e˜ect in a HB Ùber m odul ates l ight intensi ty af ter the analyzer
in the fol lowi ng m anner:

I ( z = L ) =
1

2
(1 + cos 2 ˜ cos 2 ¢ + j Ûi j sin ˜ sin 2 ¢ cosÂ ` i ) ; (2.3)

where Â ` i signi Ùesthe di ˜erenti al phase of the l ight exi ti ng the HB Ùber and Ûi i s a
m utua l correl ati on functi on, ¢ i s the angle between polari zer axi s and bi refri ngence
axi s, whi le ˜ i s the angle between analyzer axi s and bi ref ringence axi s.

3 . E x per i m en tal

The experim enta l set-up for opti cal response to hydro stati c pressure tha t
incl uded a pig- tai led laser diode at 633 nm wavel ength, Ùber opti c tra nsducer,
detecti on system, and pressure cham ber is presented in Fi g. 2.

Fig. 2. Exp erimental set-up. Fib er optic transducer is connected to the E XT EN SA - 510

PC by the interf ace A DA M- 4017; FC /PC | optical connectors, D | detector.

The pressure tra nsducer was connected to the pig-ta i led diode and detecti on
system wi th FC/ PC connecto rs. Thi s m akes the system m ore Ûexibl e and al lows
an easy rearra ngement. An IB M- PC wi th a special ly designed interf ace bui l t on
the base of adv anced AD AM m odul es (Adv antech Co., Ltd. ) is used for data
vi sual izati on. Pressure generati on and cal ibra ti on up to 300 MPa were perform ed
by D W T pressure devi ce. The proposed system is a step to wards a comm ercial
appl icati on of the smart structures based on polari zati on interf erometry in Ùbers.

The lead- in and lead-out Ùbers are Ùbercore bow-tie highl y bi refri ngent wave-
gui des. Sensing sampl es com posed of bow-tie and side-hole bi ref ringent Ùbers em-
bedded in an epoxy structure (of the diameter 7 m m, and length 110 mm , Fi g. 3),
were inv estigated. To create the structures the EPID IAN- 5 epoxy glue (Young
Mo dul us E = 1 2 7 3 : 1 3 [N/ mm 2 ]) was used.

The prepa red polari metri c smart structures were subj ected to deform ati on
e˜ects such as tho se induced by hydro stati c pressure and tem perature, whereas
polari zati on properti es of the tra nsmitted opti cal signal have been investi gated.
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Fig. 3. H i-Bi Ùber emb edded in the cylindri cal epoxy structure.

Fig. 4. Exp erimental set-up for measurement of the dynamic strain, D | detector,

È 4 5 £ | points w here the Ùbers are spliced and the angle betw een biref ringence axes.

The experim enta l set-up for opti cal response to dyna mic stra in tha t incl uded
a pi g-ta i led laser diode at 633 nm wavelength, Ùber opti c tra nsducer, detecti on
system , and vi brati ng pl ate is presented in Fi g. 4. The tra nsducer is glued on the
vi bra ti ng piezoceramic plate. The plate is in fact com posed of tw o pl ates, glued
to gether | the one generati ng vi brati ons (connected wi th the vi brati on generato r)
and the other, connected to the oscilloscope, m oni to ri ng vi bra ti ons. The output
opti cal signal is col lected at the detecto r after passing thro ugh the analyzer, whi ch
is set along one of the Ùber axi s. Such a set-up enabled us to cal ibrate the dyna m ic
sensor.

4. R esul t s

The opti cal response of the di ˜erent polari m etri c Ùber opti c sensors under
vari ous externa l factors always shows sinusoidal behavi or [4, 7{ 9], see Fi g. 5a, b.
Ho wever, for the sensor embedded in the structure one can observe a change of
the period of sinusoida l characteri stic. The bow-ti e smart structure characteri stic
under hydro stati c stress has a funda menta l period T p ¿ 100 MPa , whi ch is twi ce
as much as the period of the characteri sti c of the sam e sensor wi tho ut the epoxy
structure, whi ch is T p ¿ 50 MPa . Both characteri stics are presented in Fi g. 5a.
Thi s means tha t the epoxy cyl inder isolates (to some extent) the bi ref ringent Ùber
from the externa l load.

Mo reover i t can be easily noti ced (Fi g. 5a,b) tha t the smart structure com -
posed of side-hole Ùber shows a m uch better sensiti vi ty tha n the HB- 600 bow-t ie.
Thus di ˜erent HB Ùbers are sui tabl e for di ˜erent pressure ranges.
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Fig. 5. (a) C omparison of the output characteristics of the separated bow- t i e Ùber

sensor (up & dow n characteristics) and smart structure sensor based on the same sensing

Ùber (up & dow n characteristics). (b) O ptical resp onse of the smart structure based on

si de- hol e (typ e V ) biref ringent Ùber to the applied hydrostatic pressure.

Fig. 6. T ime dependence of the output signals of the monitoring plate (C H 1) and the

Ùber optic sensor (C H 2) recorded on the oscill oscope.

Fig. 7. C alibration curve of the Ùber optic polarimetric sensor for the dynamic mea-

surements.
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The resul ts of the dyna mic stra in m easurem ents are presented in Fi g. 6 tha t
shows the output from the oscil loscope. The upp er characteri sti c (CH1 ) is the
ref erence signal generated by the moni to ring plate, whi le the lower one (CH2 ) is
the opti cal output signal . The pro ducer of the devi ce for vi brati on generati on and
m oni to ri ng has suppl ied us wi th the cal ibra ti on curve for the plate tha t m oni to red
the vi brati on. Thi s enabled us to determ ine the displacement in [mm] intro duced
by the vi brati ng plate and create our own cal ibra ti on curve of the Ùber opti c sensor
for dyna m ic stra in m easurements, presented in Fi g. 7.

5. Co n cl usion s

The resul t of perform ed exp eriments shows tha t Ùber opti c polarim etri c sen-
sors are suita bl e for m easurem ents of both stati c and dyna m ic externa l loads. Cal -
ibra ti on of the dyna mic sensor was perform ed wi th the devi ce expl oi ti ng vi bra ti ng
pi ezoceram ic plate. The bow-tie Ùber embedded in an epoxy conta iner is suita ble
for a hi gh pressure sensing appl icati on, whereas the side-hole smart structure is
m ore suita bl e for smal ler ranges but wi th a higher accuracy. We can also concl ude
tha t the epoxy structure isola tes the Ùber from the externa l load, but does not
change the shape of opti cal response of the Ùber opti c polari metri c sensors.
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