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Investigation into Time Response of Polymer
Fiber Bragg Grating Based Humidity Sensors

W. Zhang Member, IEEE , D. J. WebbMember, IEEE, and G.-D. Peng,

Abstract—In this work we experimentally investigate the
response time of humidity sensors based on polymeptical fiber
Bragg gratings. By the use of etching with acetonge can control
the poly (methyl methacrylate) based fiber in orderto reduce the
diffusion time of water into the polymer and hencespeed up the
relative wavelength change caused by humidity varteons. A much
improved response time of 12 minutes for humidity dcrease and 7
minutes for humidity increase, has been achieved bwsing a
polymer optical fiber Bragg grating with a reduced diameter of
135 microns.

Index Terms— Optical Polymers, Optical fiber devices, Fiber
Bragg grating, Humidity measurement.

I. INTRODUCTION

olymer optical fiber (POF) has been available fevesal

decades. Its use has been overshadowed in théwast
decades by the success of silica optical fiber. él@s;, despite
its high propagation loss, it is widely used in rHwaul
communication links due to its ease of use. Altliougcent
technological advances have helped promote POFlawex
cost alternative to glass fiber or copper at stistences and bit
rates of up to 10 Gbps [1] the physical and chehpiczperties
of polymeric materials are rather different tocsili potentially
making it also attractive for researchers to expiodevice and
sensing applications.

The main differences are:

* Mechanical properties: Compared to silica optfizdrs,
POF has a much higher failure strain [2, 3] and ang’s
modulus approximately 25 times lower [4].

* Chemical properties: Polymer fibers can be moditising
organic chemical techniques in order to improveptaperties
of the material.

* Thermal properties: POF Bragg gratings based
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poly(methyl methacrylate) (PMMA) have approximateiyur
times the thermal sensitivity of silica grating$. [5

* Biocompatibility: Polymer fiber may be used foniivo
applications where the use of glass is inapproprdie to
danger from breakages.

More recently, fiber Bragg gratings (FBGs) have rbee
inscribed into step index [2] and microstructuréH6] based
on PMMA. Polymer optical fiber Bragg gratings (POES in
such fiber were found to be sensitive to relativenidity,
temperature and strain. This is in contrast togfdser FBGs
which do not show any intrinsic humidity sensitwitThe
affinity for water of PMMA, leads to a swelling tfe fiber and
an increase of refractive index, both of which cite to an
increase in the Bragg wavelength of a FBG writtethee fiber
[7]. This is a potentially very useful property, iaih has
possible applications in chemical processing, adjtice, food
storage, paper manufacturing,  semiconductor
pharmaceutical industries, where humidity is maeitb and
controlled to ensure product quality. POFBGs haaeently
been applied, for example, to quantifying the sraatbunt of
water present in aviation fuel [8].

There have been many optical fiber humidity sensors
reported. Among them some techniques (e.g., [9—aid)
mainly absorption and colorimetric-based methodsckvrely
on the reaction of moisture-sensitive chemical eeég
immobilized in a suitable support matrix. Method$s o
fabrication for these sensors are expensive. Tlesesing
operations rely on chemical reactions which aeversible and
have a limited shelf life. Humidity introduces pbelastic
refractive index change in some polymer materialeads to
another group of optical fiber humidity sensorswihich the
humidity related refractive index changes are detedy
measuring different parameters like evanescent fielated
Iirc{;ht transmission [12, 13], surface plasmon rescea[14],

and

Y adding mode coupling [15], interferometric ph§t6], etc..

In these sensors the polymers are coated ontaatiffeptical
fiber/waveguide structures in a thin layer (usualgs of
nanometers) to produce fast response time. Thednaivbacks
are their susceptibility to contamination, the pres of
interference.

In POFBG humidity sensors the water affinity of ffitger
introduces significant Bragg wavelength change.réfoee the
sensors are wavelength coded, immune to the var&in light
source and transmission loss. The POFBGs need tia ex
coating or special waveguide structure for humidénsing, so
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they are compact, robust, and cost effective. Hewetie water
absorption process is a slow one. When POFBGsppieed to
humidity sensing, the response time is a key isainch is
particularly important for the applications wherecarate
humidity control is required. In this work we intiggite the
time responses of POFBG based humidity sensors rafde
different polymer fibers with different fiber geotries. A much
improved time response is achieved by etching ither fusing
acetone to reduce the fiber diameter.

Il. OPERATIONPRINCIPLE

PMMA and many other polymers have the tendency to C(t,r) =1-

absorb water [17, 18]. PMMA exhibits a maximum wate
content of up to 2 wt% [19]. Many polymers show evat
absorption processes, where clustering of wateursowithin
the polymer matrix leading to an absorption inceeashigher
humidity. This process leads to a non linear refatf fiber
water content as a function of relative humidityreunding the
fiber [20], which has been used to enable humisktysing with
optical fiber sensors by use of either a polymeated silica
fiber [e.g., 21]Jor directly using polymer optical fiber [8].

The Bragg wavelength depends on the effective rmlex,
Ne, and the grating pitchg which both depend on the
temperaturd and the water content

A =2n4 (T, WA(T,w) (1)

Bragg

position,a the cylinder radiusg, is thenth positive root of
Jo(aa,)=0

Equation (4) can be used to define the water cdret@m in
the polymer fiber for either water in-diffusion &dption) or
out-diffusion (desorption). However, the diffusioonefficient
for in-diffusion and out-diffusion is different. Ually in PMMA
the water desorption is faster than water absaorptwhich
means a larger diffusion coefficient for out-diffus [7, 23]. In
(4) only the diffusion coefficient and the fiberdias can be
varied to accelerate or decelerate the diffusi@egss. In terms
of normalized concentration the equation (4) carebeitten as

0 - 2
2 Z exptDa,t)J,(ra,) 5A)
n=1 an‘Jl(aan)
for in-diffusion, or
[ee] - 2
c.r) =gzexp( Da;t)J,(ra,) (58)

as aJ(aa,)

for out-diffusion.

In the reported polymer optical fiber humidity serss
(including POFBGs and polymer coated silica FBA® t
response time ranges from 25 min (coating thickoé&8um)
[21] to 80 min (coating thickness of 28n) [24]. In reference
[8] a response time of 30 min was reported whemgusi

EXPERIMENTS ANDRESULTS

For constant temperature the Bragg wavelength &anBOFBG with a fiber diameter of 198n while a response time

shows a non-linear dependence on the relative hiyniiRH) [7,
20]. Following references [7, 20] we assume that Bragg
wavelength shifts linearly with water content ire tfiber, and
the water content in the polymew, is introducing the
non-linearity. The non-linear water content deperwgeon the
relative humidity H, is [7]

w/w, . =w =H" )

wherew,y is the maximum water contemt represents the

non-linearity. Therefore the Bragg wavelength chant be
expressed in terms of the relative humidity as

Ag =Ag, +CH™ €)

where Agq, is the initial Bragg wavelengtlr, a coefficient
associated with PMMA swelling, humidity dependenéghe
refractive index, and swelling induced stress.

A sudden change of environmental condition coul l&
the water content change in the PMMA, which is rcfion of
time. This process of water absorption or desonpticPMMA
can be described by the diffusion theory of maassfier. For a
cylinder system, if the surface concentratiGg),is constant and
the concentration,C,, is initially uniform throughout the
cylinder, then the mass concentration due to ddfusan be
expressed as [22]

C-C =1_gi expDait)d, (ra,)
G -G ana a,Jd.(aay)
where D is diffusion coefficient,t the time,r the radial

4

of one hour was measured for a POFBG with a dianoét&25
pm in [7]. The swelling of polymer optical fiber damates the
wavelength change of the POFBG and the main infle@m the
humidity time response comes from the diffusionfiicient for

water into the PMMA, and the geometry of the POF.

We therefore carried out a series of experiments to
investigate this influence on the humidity time pesse of
POFBG sensors by measuring the response time faggBr
gratings written in different polymer optical filsawith different
diameters.

POFBGs were fabricated by attaching a 10 cm leoBBFOF
to a single mode silica fiber down-lead using UVahie glue
(Norland 76). The PMMA based POF contained a 5 mg |
FBG, fabricated by illuminating from above a phasask
placed on top of the POF using 325nm UV light frarkleCd
laser.

For testing, the POFBG sensors were placed inside a
environmental chamber (Sanyo Gallenkamp). They were
illuminated via a circulator with light from a brdland light
source and observed in reflection using an IBSEANIN 400
wavelength interrogation system, see Fig.1l. Reddtivmidity is
defined as the ratio of the amount of water vapesent in the
atmosphere to the maximum amount that the atmosptear
hold at the existing temperature. The environmeat@mber
was set to different relative humidities while tteenperature
was fixed. The POFBG sensors are sensitive to bathidity
and temperature. In practical application this seEnsitivity of
the sensor should be considered and eliminatecs ddm be
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realized by using a dual parameter sensor in whicecond
FBG is inscribed in silica fiber down-lead [25]n8é the silica
FBG exhibits no intrinsic humidity sensitivity (if25] a
recoated silica FBG showed a humidity sensitiviBb times
lower than that of the POFBG used), a well-condiid
response can be achieved.

Environmental
Chamber

$ POFBG

|
3

I-MON 400
Broadband Wavelength
Source i
Interrogation

Fig. 1. Experimental arrangement

A. Different polymer fibers

Three different POF based FBGs were placed inithenber
for testing. The cladding of all the fibers wasnfied from a
mixture of methyl and ethyl methacrylate, while theres
contained methyl, ethyl and benzyl methacrylatas @ small
amount of photosensitizer. The measured humiditpoeses
are shown in Fig. 2 where the relative humidity jRMas
step-changed from 80% to 70% while the chamber ¢eatpre

was kept at 28C. To simplify comparison of the sensors which

have different Bragg wavelengths, we chose to tilettime
response of the relative wavelength chad@éAA ., which is
the ratio of the grating’s Bragg wavelength dewiatirom its
original value to the maximum wavelength deviaiimtuced by
the relative humidity change. The core and clagidiimmeters
of POF1, POF2 and POF3 were originally® & 150 um, 8
pm & 190 um, and 7um & 190 um, respectively while their

respective Bragg wavelengths at 25°C and 70% RHe wer

1571.4 nm, 1568.7 nm and 1535.2 nm.

The measured POFBG humidity responses and temporal

responses of normalized water concentration infilexr core

for these 3 polymer optical fibers, calculated gdty. (5B) are
illustrated in Fig. 2 (the diffusion coefficient iaken as a free
parameter and adjusted to provide the best fhealata). From
Fig. 2 one can notice that for POF1 and POF2 tla¢ive Bragg

wavelength change is not stabilized 1 hour after riflative

humidity step change. The response time then wiasatsd as
the time of relative wavelength change being reduoel0%,

with the help of an exponential fit to the expenma¢ data.

From this the response times for POF1, POF2 and3R&&iFe

estimated as 58 min, 62 min and 38 min, respegtivel
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Fig. 2. Measured relative wavelength changes BOFBG sensors and
calculated temporal responses of normalized coratiom in the core of 3
POFs. A step relative humidity change from 80%Q&oAvas applied. (a)
POF1, (b) POF2, and (c) POF3.

A more accurate estimation of response time can be

analytically calculated by using equation (5B) doit-diffusion.
It generates the normalized water concentratiomgdan the
fibers (shown in Fig. 2), which is related to thelative
wavelength changes of the sensors. The estimatgubmee
times now are 53 min, 51 min and 31 min, respelstivier
POF1, POF2 and POF3.
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From Fig. 2 the diffusion coefficientD, can also be
estimated. The diffusion coefficient for POF1 i8@.0° cnf/s,

which is in good agreement with values for PMMA for

desorption published in [7, 22]. However, the difan
coefficients for POF2 and POF3 are 28.68° cnf/s, and

23.0x10° cn/s respectively. The latter two fibers obviously

show much higher diffusion coefficients, and exhila
reasonable response time for even larger fiber etiam

It should be pointed out that the calculated resate the
water concentrations at fiber core, based on ezug(5A) and
(5B). It takes some time for the water to reach toee.
However, as soon as it enters the cladding theltebaiisome
expansion of the fiber and some wavelength charfgtheo
POFBG. It means that in the initial stage of theldity change
the wavelength change observed is faster than dlealated
concentration change. This difference is cleargnsa Fig. 2.

B. Etching of Polymer optical fibers

PMMA can be easily dissolved in some chemical sukje
for example, acetone. Acetone is a self-assocEdbent. As a
consequence, it would develop preferentially seffeziations
(between solvent molecules)
interactions [26]. Hence the PMMA chains remairasgoart of
the fiber would not be affected by etching. Thisyides a
simple and effective way to reduce the diametePOf to a
desired value. Acetone etching was applied to

160
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& POF1
H POF2
A POF3

opm
=
[N}
o
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80+
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20+

Diameter reducti
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Etching time, min

Fig. 4. POF diameter reduction due to acetondrajch

From Fig. 4 one can notice that POF3 shows theedast
etching rate and POF1 the slowest. Consideringréiselts
shown in Fig. 2 there seems to be a possible latlwden the
response time and etching rate of the POF. POF®&ssltoe
fastest etching rate and shortest response tim@@fd shows
the slowest etching rate and a long response timmegh the
fiber diameter of POF1 is much smaller than theeotivo. It

rather than PMMA/sdlverseems that the high diffusion rate of water thati¢eto a short

humidity response rate may be correlated with ediffsision of
acetone into the PMMA permitting more rapid etching
The cladding material of the three fibers was pasized

tHeom the same mixture of methyl and ethyl methaaeyl The

aforementioned POFs. An Axioskop 2 MOT Plus opticdhree fiber samples came from three different pragoand it is

microscope was used to inspect the fiber beforeadied the
etching and estimate the fiber diameter reductieig. 3 shows
the microscopic images of a sample of POF3 befateadter
etching. From microscopic images there is no ols/zhange of
the fiber surface other than the fiber diameteucéidn.

(a)
Fig. 3. The microscopic images of a POF.
diameter), (b) after etching (138n in diameter).

(b)

(a) keftching (19Qum in

The resulting diameter reductions by etching precase
shown in Fig. 4.

likely that the polymerisation did not proceedrst same rate in
each case. We propose that this difference is pipba
responsible for the different behaviour of the skesp

C. Polymer optical fiberswith different diameters
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----- POF2 (153 pm)
- - --POF2 (131 ym)
POF3 (138 um)
—— POF3 (135 ym)

Normalized concentration

Time, min

(b)
Fig. 5. Relative wavelength changes of POFBG gensith different fiber
diameters against a step relative humidity drop.nfeasured responses, (b)
calculated responses.

We then etched several Bragg gratings written irP@nd
POF3. The etched POFBGs were placed in the enveotah
chamber to enable investigation of the time respdoselative
humidity. Fig. 5(a) shows some typical results whie
environmental chamber was set to the same condisonsed
previously (relative humidity step change from 8@8670%,

D. Responses of in-diffusion and out-diffusion
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Fig. 6. Full cycle responses of two POFBG send®ks.varied from 80% to
70% and back to 80% while the temperature was é@pstant at 25°C.

Fig. 6 shows the full cycle response for humidignsing
using POF2 (13Jum) and POF3 (13%m) where RH varied
from 80% to 70% and back to 80% while the tempeeatvas
kept constant at 2&. Each value of humidity was kept for one
hour. As a comparison the set value and measuted f@m
the environmental chamber’'s built-in RH sensor aigso
depicted in the figure. From the figure it can bersthat both
the sensors followed the RH change. POF3 |(i®5shows a

temperature set at 25). Again the response time was estimateg, ¢ty response more closely following the humidhgnge.

based on the calculated responses shown in Fig. Allcthe
response times are summarized in Table 1.

TABLE 1
RH SENSING RESPONSE TIMES OF DIFFERENPOFS

POFBG Response tinfe
POF1 (15@m) 53 min
POF2 (19¢m) 51 min
POF2 (158m) 48 min
POF2 (131m) 32 min
POF3 (19¢m) 31 min
POF3 (138m) 14 min
POF3 (13pm) 12 min

2The response time was calculated as the time ohalared concentration
being reduced to 10%.

The results listed in the table show a clear tteatfor the same
type of POF the response time for humidity sensiagreases
with reduced fiber diameter. POF3 shows the be$bpeance
among the POFs used in this work in which the respdime is
greatly reduced to 12 min. This is a satisfying espdor
applications such as long term monitoring of waterfuel.
Further reducing the diameter in POF3 could pro\iaker
response time; however, it may compromise the eaxse
handling.

Based on the full cycle responses for humidity sgnthe
response times of these two sensors for both fogiéh and
out-diffusion have been estimated. The responsestiare
estimated from the measured responses shown irY Fag the
time of normalized concentration change being reduo 10%
for humidity step drop (out-diffusion), and the &mof
normalized concentration change being increase@0% for
humidity step rise (in-diffusion). The corresporgliresponses
are calculated by using equations (5A) and (5B)asd shown
in Fig. 7. The calculated response times are suimethin
Table 2.
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Relative wavelength change

Fig. 7.
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Measured and calculated step humidity aeses of two
sensors for (a) in-diffusion and (b) out-diffusion.

TABLE 2

RESPONSE TIMES FOR INAND OUT-DIFFUSION

UOITRIIUBIUOD PAZI[eWION

POFBG

POFBG IN-DIFFUSION OUT-DIFFUSION
POF2 (131um) 29 min 32 min
POF3 (13fm) 7 min 12 min

E. Dynamic response of POFBG sensor
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Fig. 8. Dynamic RH response of POF3 (188). (a) measured responses by
PFBG and built-in sensor, and set value by progremgm(b) POFBG
wavelength vs. RH, and the fitted relative wavgtarchange vs. RH.

Further experiments were carried out to demonsttia¢e
POFBG performance over a larger RH range. The
environmental chamber was programmed to changelhgve
humidity from 30% to 90% with an increment of 10%&gy 30
min while the temperature was fixed at 26. A typical
response of POF3 (1@B) is shown in Fig. 8a. The values of
the set humidity and that measured by the chambaiftsin RH
sensor are depicted in the figure as a comparisam Fig. 8a
one can see that the POFBG sensor follows the litynaitange
closely. The stabilized POFBG wavelength at each iRH
depicted in Fig. 8b. It shows a slightly nonlineasponse
against RH. According to equations (2) and (3) B@FBG
wavelength varies with RH in the form d¢i™ where m
represents non-linearity. Regression analysis om data
generated a relation between the wavelength chafigbe
POFBG and the relative humidity, as illustrated~ig. 8b. It
indicates a non-linearityn, of 1.52, which is close to the values
reported (1.49 in [7], and 1.47 in [20]).

The average responsivity over 30% to 90% of RH3®H3
pm/%. The minimum detectable RH was estimated basdtde
measured response for 50% of RH as the environinenta
chamber was best controlled at that value over idbites. The
standard deviation of the measured POFBG resporesetimat
period is 4pm, which indicates a minimum detecte®l¢ of
0.12%.

IV. DiscussioN ANDCONCLUSION

Since water diffusion in polymer optical fiber cdwe
described by the diffusion theory of mass trangferhumidity
response of POFBGs with known diffusion coefficiemtd
geometry can be predicted. The response time can lz
improved by choosing polymer optical fiber with @ptimized
diffusion coefficient or modifying the fiber geomgt The
fibers used have different diffusion coefficientsertefore
different response times to humidity change.
acetone-etching the polymer optical fiber we caange the
fiber diameter. Experimental results have shown hmuc
improved time response of POFBG humidity sensorh wit
reduced fiber diameter.

The general performance of POFBG humidity sensiag m
be predicted and described by the equations esilifrom
diffusion theory. As mentioned earlier all the dgfon
coefficients are estimated from the measurementltsesNe
obtained the diffusion coefficients for all 3 fisefrom the
measured responses of POFBGs without being etche.
noticed, however, that for the POFBGs with redudiegheters
(i.e., after etching) the diffusion coefficients are qudtfferent.
For the measured responses shown in Fig. 4(a)
corresponding calculations in Fig. 4(b) indicateattithe
diffusion coefficient for POF2 decreases to ¥1.6° cnf/s
from 13.5¢10° cnf/s; the diffusion coefficient for POF3
increases to 25&0° cnf/s from 23.610° cnf/s. The
difference is too big to attribute to measuremembre We
suggest this difference may be due to the polyragor of the

By

the
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original preform cladding proceeding at differeates with
distance from the core, leading to a diffusion ioieint that
varies with position.

According to the literature, water desorption in MK is
faster than water absorption [23], i.e., the offiudion
coefficient is larger than the in-diffusion coefint. The results
summarized in Table 2, however, show an oppostedtrTwo
of the sensors before (POF2 and POF3) exhibitedsdimee
trend. The origin of this contradiction is not vegfear,
however, the authors have one hypothesis. In theerwa
absorption process, when water initially enters fizer
cladding but has not yet reached the core, thereskpa of the
cladding will nevertheless apply a detectable sttaithe fiber
core, resulting in a Bragg wavelength change. Thezen the
absorption process the POFBG wavelength incredess ta
shorter time than predicted by the water concdotrathange in
the fiber core.

The stability of POFBG performance is an issue. gitaing
strength and wavelength could vary over time duelaxation
of the frozen-in molecular alignment induced by fitger
drawing process. We have shown that annealingitiee €an
permit this relaxation, leading to stable POFBGfgenance
and an extended operating temperature range [2ig.ldtest
research [28] suggests that long term stabilityanhealed
POFBG wavelength and sensitivity can be expectddragsas
the device operates below a certain temperatussttbitd. In
our work none of the POFBGs used showed significhahge
of performance over a span of six months.

In conclusion, we have experimentally investigatie
influence of different polymer optical fibers wittifferent
diameters on the time response of humidity sensin
Controllable etching has been used to reduce liee diameter
leading to a much improved humidity sensing respdime of
down to 7 minutes. The rather different respondabethree
samples suggests that a detailed study of theeindlel of the
polymerization process on the diffusion rate wold useful,
possibly leading to an even faster response tirase@& on this
technique the response of POFBG humidity sensomsbea

improved to enhance performance for many potenti
applications.
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