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ABSTRACT

The Bragg wavelength of a PMMA based fiber graigetermined by the effective core index and traigg pitch,
which, in temperature sensing, depend on the theptic and thermal expansion coefficients of PMMese two
coefficients are a function of surrounding tempamatand humidity. Amorphous polymers including PMM#hibit a
certain degree of anisotropic thermal expansiore @hisotropic nature of expansion mainly dependshenpolymer
processing history. The expansion coefficient iselved to be lower in the direction of the molecuaientation than in
the direction perpendicular to the draw directi®uch anisotropic behavior of polymers can be exgueat drawn
PMMA based optical fiber, and will lead to a reddidbermal expansion coefficient and larger tempeeasensitivity
than would be the case were the fiber to be isardfxtensive work has been carried out to iderttigse factors. The
temperature responses of gratings have been mdasudédferent relative humidity. Gratings fabriedton annealed and
non-annealed PMMA optical fibers are used to complae sensitivity performance as annealing is damed to be able
to mitigate the anisotropic effect in PMMA optiddder. Furthermore an experiment has been designetiminate the
thermal expansion contribution to the grating weawmgth change, leading to increased temperaturedtigépsand
improved response linearity.
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1. INTRODUCTION

Fiber Bragg grating (FBG) sensors inscribed incailioptical fiber have become an increasingly masersing
technology. More recently, FBG sensors have besarilved into poly(methyl methacrylate) (PMMA) basgldstic
optical fiber in both step-index and microstructurgeometries. The physical and chemical properdfepolymeric
materials are rather different to silica and magmédvantages in certain situations. Polymer apfiber Bragg gratings
(POFBGs) are patrticularly appealing in medical desj as polymers are biologically compatible witlmlan tissues and
already routinely put in the human body in manyl@pgtions.

One of the interesting features of polymer fibeatiigs is the negative refractive index change wémperature
increase. It offers a well-conditioned behaviorfuké overcoming the cross sensitivity issues &xgsin silica fiber
gratings [1][2]. There have been many reports diymper fiber grating sensing applications involvitgmperature.
However, the reported results on the temperatusporese of PMMA based fiber gratings are quite vayyin the
1550nm region PMMA fiber gratings show a tempemtsensitivity from -10 pm/°C [3], -55 pm/°C [4] t860 pm/°C
[5]. This causes great uncertainty in POFBG’s pennce and applicability. The principle of POFBGnperature
sensing is well known. However, the mechanism ef BMMA optical fiber's response to temperature ds fhore
complex than that has so far been reported.

2. PRINCIPLE OF POFBG TEMPERATURE SENSING
2.1 Characteristic wavelength of POFBG

The Bragg wavelength of an unstrained fiber gratiegends on the effective core indey, and the grating pitch,
both of which depend on the temperatlirand the water contemt in the case of a POFBG. For PMMA based fiber
grating the Bragg wavelength can then be expresagd
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ABragg :2neff (TiW)A(T!W) (1)
For constant relative humidity (RH) the Bragg wavejth change as a result of varying temperaturdeaxpressed as

where )IBO is initial Bragg wavelengthg, the thermal expansion coefficient (TE(E), the thermo-optic coefficient

(TOC). It is well known now that the thermo-optioetficient of PMMA is negative and its contributidn the
wavelength change of POFBG is larger than thatdh#ftermal expansion of PMMA. Therefore the wawnegkh change
of a PMMA based POFBG exhibits a blue shift agai@stperature increase.

2.2 TECand TOC of PMMA

In the case of PMMA optical fibers, the thermal @xpion coefficienta = L-1dL/0T is a function of temperature and
water content in the fiber [6, 7]; we may define TFEC as
a=a,+aT+a,w+a,Tw

(3)
In analogy, we assume that the thermo-optic caefftdollows a similar relation,
f = Eo + fj_T + EZW+ ngW (4)

The dependence of the optical properties of PMMAhamidity and temperature has been extensivelystiyated by
different authors [6-8]. Although the reported wemkere carried out for bulk PMMAs in different oping wavelength
regions the results still have generality and canided to predict the performance of PMMA optidarfs.
The thermal expansion of PMMA increases with insieg temperature [6][7]. The effects of moisturetba thermal
expansion of compression-moulded PMMA were invedéid by dilatometry in [8]. Moisture conditioning high
relative humidity, immersion in water, or vacuunyidg were used to prepare PMMA specimens at diffemsoisture
contents [9]. Least-squares fitting was used t@rmiehe the constant and linear CTE terms as a imaif percent
weight gain to provide an expression for the CTIPBIMA against weight gain and temperature, as ¥alo
a(T,w) = (59.3 + 4.26w + 0.222T + 0.139wT) x 107© (5)

wherew is in % weight gain. Here the maximwmnis 2.02, corresponding to 100% relative humidity.
The TOC of PMMA can be obtained based on the resattieved from [6]. By using a least squaresvétcan obtain
the thermo optic coefficients of PMMA as

&(T,H) = (—60.388 — 20.052H — 1.953T — 0.477HT) x 1076 (6)
whereH is the relative humidity. The above equation gressed on the data measured in the range of 20 € and
20 to 90 % RH.

2.3 Performance of PMM A based optical fibers

Bragg gratings can be written into pure PMMA oqgtidgers by using UV illumination which induces paterization of

unreacted monomer that contributes to the refradtidex increase. The photosensitivity of pure PMiMAow and

varies along the fiber length [10]. To improve prformance, many doped-core PMMA based opticak§ithave been
proposedA lot of reported polymer fiber gratings are writtento doped PMMA based optical fibers for temperat
sensing application. Many of them involve step ketkfiber. Since additional dopants or copolymees required to
control the core index of step index fibers, thefgrenance of PMMA based fiber gratings may varyhatite types of
fiber used. The detailed composition of dopant emplolymer used in a specific PMMA based opticagfiis often not
known and neither is its dependence on temperatehumidity. However, since the fiber cladding,chhis usually

made of PMMA, takes the largest portion of the fibevolume or weight, we assume the fiber perforoganan be
dominated and approximated by that of pure PMMA.

3. MEASUREMENT OF POFBG TEMPERATURE RESPONSES

Experiments were carried out to inspect the resggoofa POFBG to temperature. POFBGs were fabddateattaching
a several centimeter length of step index POF fingle-mode silica fiber down-lead using UV curaflee. The
PMMA based POF contained a 10 mm long FBG, faleitdty illuminating from above a phase mask plametbp of
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the POF using 325nm UV light from a HeCd laser.réaaband light source with a total output opticavpr of 10 mw
was used, launching light via a fiber circulatoroithe POFBG under investigation. In the experimdehe POFBGs
were placed inside an environmental chamber (Sdkgilenkamp) so as to operate at the desired temperand
humidity. The reflection of the POF grating was rnitared by using an IBSEN I-MON 400 wavelength intgration
system. The experimental arrangement is showngniFi
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Fig. 1 Experimental arrangement for investigatif@BG responses over temperature and humidity

4. RESULTSAND DISCUSSIONS

To investigate the temperature response of the RBD§&hsors, the POFBG was placed in the chamberr wadgng
temperatures while relative humidity was fixed. Tteenperature response of a POFBG sensor is iltastria Fig. 2
while the environmental chamber was set at a vedtumidity of 55%.
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Fig. 2 A recorded temperature response of POFBG

The temperature response of a POFBG was measudifleaént humidity levels. The thermal expansiord ahermo-
optic performance of dopants and copolymers useahast step index PMMA based fibers have not begorted;
consequently, we use the parameters of PMMA aspgnogimation in estimating POFBG temperature sefitsit

Some measured results are plotted in Fig. 3 in @visgn with calculation based on PMMA's coefficiemtf thermal
expansion and thermo-optic effect defined by (%) ). It can be seen that the measured result slaogood linearity
and a sensitivity of -42 pm/°C at 55% RH and -51/9%nat 85% RH. However, it is not in agreement wiitle

calculation. This indicates that the POFBG perfarcgacannot be predicted by simply using (2) and P\VfMrameters,
defined by (5) and (6). The factors affecting PORB@perature response need to be examined.
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Fig. 3 Measured and calculated POFBG responses baseiMA's performance (a) at 55% RH, (b) at 85% RH

4.1 POFBG annealing effect

Polymer optical fiber is pulled under tension, tésg in an axial orientation of the polymer chaarsd residual strain in
the fiber. However, at a certain temperature, theires are thought to relax from the axial orieotaitausing shrinkage
of the fiber. In this case POFBG wavelength de@gaapidly with increasing temperature and intredua permanent
wavelength shift [11].

Figure 4 shows the temperature responses of a POFB&initial wavelength of the POFBG was 1536.&bat 14°C
and 85%RH. Then the temperature increased witls gtg°C up to 42°C while the relative humidity waedd at 85%.
One can see that before 38°C the POFBG wavelehgtlys reaches a stable value; after 38°C the POWBGIlength
keeps dropping. In the end of the experiment thEB®wavelength already fell below 1531 nm and newent back to
the original value. The same POFBG was used tcatdpe experiment. The initial wavelength at 14t@ 8%RH now
was 1530.55 nm — a permanent wavelength shift 8 nén. From Fig. 5 one can see that the POFBG wagéh drops
slower than it did in the first experiment. Afte8°€ the POFBG wavelength still keeps dropping.

This effect has been reported previously to bergtfan of the drawing tension [11]. The temperatatevhich this
effect starts is dependent on the thermal histbth@ grating and could be related to fheeslaxation in PMMA when
the side chains of the polymer begin to move. Adoay to [12] thep relaxation temperature for bulky PMMA is 40°C
and can be as low as 34°C in some cast PMMA fililés phenomenon has been reported in [13] andwicolwas
also given to eliminate this effect by pre-annepiVIMA based optical fiber. A POFBG was writtenoihe POF that
was pre-annealed in an oven at 80°C for 7 hours. &periment was repeated using this annealed PCH®IGthe
measured wavelength change of the annealed POFBi@satemperature is plotted in Fig. 5, in comparigvith those
of the un-annealed POFBG. The response of the lth®OFBG exhibits smaller sensitivity but betiaeérity. More
important is that this POFBG experiences no permawavelength shift and its response is repeatable.
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Fig. 4 Un-annealed POFBG temperatuspaBses Fig. 5 Comperisf POFBG wavelength responses
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4.2 Anisotropic thermal expansion of PMM A based optical fiber

The thermal expansion coefficient of PMMA has beeeasured by using the optical interference meth€dof
estimated from the volume change by using a dilatem[8]. In both cases PMMA was assumed isotrepithe linear
thermal expansion coefficient is a third of thewrak change caused by thermal expansion.

However, amorphous polymers including PMMA exhibitknown degree of anisotropic thermal expansiore Th
anisotropic nature of expansion mainly dependserpblymer processing history and is typical ofcsdtawn polymers
and stretched elastomers [14]. Furthermore, tharesipn coefficient is believed to be lower in thesction of the
orientation than in the direction perpendicularséime cases with large draw ratio the thermal esipann the drawing
direction can even be negative. POFs have extrelaug)g draw ratio and may fall in this category.

In fact the thermal performance of the un-anned&@FBG studied in this work implies that a negatitiermal
expansion exists in the raw POFs: the permanentleagth downshift arises from fiber shrinkage. Nalithermal
expansion of PMMA is positive and it counteracts tontribution of the thermo-optic effect to the B wavelength
response. Therefore the annealed POFBG exhibitiesnt@mperature sensitivity than that of the umeaded device
(see Fig. 5). A reduced thermal expansion in therfdirection may explain the better linearity e ineasured response
than in the calculation (see Fig. 3), as in fae ¢talculated response shows better linearity iftthegmal expansion
contribution is minimized. We have noticed thastAnisotropic effect also exists in the swellind®MMA baser optical
fiber due to water absortption which consequergtiuces the humidity sensitivity of a POFBG [15].

For uniaxially oriented polymers, one simple anchomnly used measure of orientation is the bire&imge,4n, which
is the difference of refractive index for light pakzed in the draw direction and light polarizedpsndicular to the draw
direction [16]. An orientation function which isqportional todn, can be expressed gs= 1/2(3cos?60 — 1), whered
is the angle between the draw direction and the @xthe intrinsic unit. The bar denotes the averager the aggregate.
Due to the large draw ratio in PMMA based optidaéf (>6000) [17],8is very small and close to one. Furthermore,
the orientation function can be expressed by thethl expansion coefficients,

wherea;, apanda, are the thermal expansion coefficients in thevdd@&ection, perpendicular to the draw direction
and for isotropic polymer. Sinck=l this gives iy, =2(a-a/). This means that there exists either signifigantl
increasedror significantly reducedr;, or both. In highly oriented polymer it is incredsyyand negativer/; [18].

4.3 Thermo-optic effect of PMM A based optical fiber

Since the polymer chains in POF are highly orientethe axial direction, such anisotropic thermgbansion can also
even be expected in the annealed POFs [17], whicimplied by the better linearity in the measurethperature
responses of POFBGs than that in those calcul&echoval of the thermal expansion contribution te BOFBG

wavelength response will lead to a good lineanitgt Erger sensitivity.

An experiment was designed to demonstrate this.tWbeends of a POFBG were clamped to two mountiraghets.
One of the brackets was fixed while the other waantex on a translation stage, which was used tty apqain to the
POFBG. The clamped POFBG was then placed in the@maental chamber to test the temperature seitgitiv 55%
RH. Since the ends of the POFBG were clamped tigtheof the PMMA optical fiber between the two clging points
does not vary with POF expansion (given that thpliag strain was larger than any temperature indufileer
expansion). In this case the POFBG temperatureitséysonly relies on the thermo-optic effect dfe fiber. The
measured POFBG response is shown in Fig. 6 wheteaim of 350Que had been applied and temperature varied from
18°C to 42°C. The POFBG wavelength against tempegatias plotted in the inset in Fig. 6, indicatangood linearity
and a sensitivity of -79 pm/°C. Compared to thetnamsed POFBG (-42 pm/°C as shown in Fig. 3), the-girained
POFBG exhibits a much larger temperature sensitivit
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Fig. 6 A pre-strained POFBG wavelength responsetIf®OFBG wavelength vs. temperature.

In estimating the temperature sensitivity of a girdined POFBG, the values of TEC and TOC in thecsed
temperature range and humidity can be obtained {@&n®]. However, the magnitude of the calculatethperature
sensitivity of a pre-strained POFBG is much larfam achieved in the experiment, even though thging values of
TEC and TOC have been considered. This disagreemantbe explained by a much reduced thermal exparnsipre-
strained POFBG. According to Prod’homme theory [t thermo-optic coefficients of optical polymelspends on
electronic polarizability and density,

dn _ (n?-1)(n%+2)

(== 212 (¢ - B) (7)
where g is the temperature coefficient of the electronidapizability andS the volume expansion coefficient. If the
optical fiber cannot expand and contract freelytiesymal expansion is restrained and its densiangh is reduced [18].
In a pre-strained POFBG the linear expansion istfyreestricted by the strain applied, leading toeduced thermo-
optic coefficient and consequently a smaller cootion of thermo-optic refractive index change te tPOFBG
wavelength response is obtained.
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