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a  b  s  t  r  a  c  t

Nafion  has  been  evaluated  as  a sensing  phase  of  an  optical  fibre humidity  sensor  based  on  a  low-finesse
Fabry–Perot  interferometer.  The  sensor  was  constructed  by manual  deposition  of a  drop  of a Nafion
solution  on  the  tip  of  a single  mode  optical  fibre,  forming  a Fabry–Perot  resonant  cavity.  The  absorption
of  water  by  the  Nafion  film  makes  it swells,  changing  its refractive  index  and  the  length  of the  cavity,
vailable online 6 February 2014

eywords:
elative humidity sensor
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which  produces  a phase  shift  in the  interference  signal.  The  sensitivity,  stability  and  response  time  of  the
sensor  were  evaluated  in  the  RH  range  from  22 to  80%  by  analysing  the  correspondent  reflection  spectra
of  the  interference  fringes.  As  a result,  it was  obtained  that  Nafion  can  be  used  as sensing  phase  of  an
optical  fibre  humidity  sensor  based  on optical  fibre  Fabry–Perot  interferometry,  presenting  a response
time  of 242  ms  (3%  RH  variation)  and  a sensitivity  of  3.5 nm/%RH.
afion

. Introduction

Relative humidity (RH) is a fundamental physico-chemical
arameter in industrial processes and scientific researches.
lthough its definition is relatively simple, the ratio of the actual
ater vapour pressure to the saturated vapour pressure at a specific

emperature and pressure, the measurement of humidity contin-
es being a challenge once it is extensively sensible to the physical
arameters of the environment. As a consequence, this fact still
ncourages research activities for the development of sensors capa-
le of sensing over a wide humidity range from 0 to 100%.

Studies regarding the development of sensors that responds to
 large dynamic range of RH, based on measurements of electrical
nd optical properties, have been described, such as capacitive,
esistive [1,2], piezoelectric [3], chilled mirror hygrometer [4],
sychrometer [5] and infrared optical absorption [6] sensors.
eyond these possibilities, optical fibre sensors have proved to
e a useful technology in view of their adaptability in several
ircumstances and high efficiency. Humidity sensing with opti-

al fibre has been accomplished using different transduction
rinciples, such as interferometry [7,8], resonance [9–11], evanes-
ent waves [12,13] and spectrophotometry [14], allowing the

∗ Corresponding author. Tel.: +55 19 3521 3136; fax: +55 19 3521 3023.
E-mail address: ivo@iqm.unicamp.br (I.M. Raimundo Jr.).
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ttp://dx.doi.org/10.1016/j.snb.2014.01.101
© 2014  Elsevier  B.V.  All  rights  reserved.

measurement of the intensity of light and also of other related
properties, such as lifetime, refractive index, scattering, diffraction
and polarisation [15]. Optical fibre interferometric sensors have
been demonstrated to be suitable options for humidity sensing
due to their simple configuration, small size, high sensitivity,
efficiency and resolution [16]. For instance, Sagnac interferometry
has been used for RH sensing with a sensitivity of 0.081 nm/%RH,
operating in the range 20–95%RH [17]. Alternatively, sensors
based on Mach–Zehnder interferometry have been proposed,
with sensitivity of −0.047 nm/%RH in the range 50–90%RH [18]
and 0.0099 nm/%RH in the range 60–100%RH [19]. Fabry–Perot
interferometers have also been largely employed as optical fibre
sensors for RH, due to their high sensitivity, compactness and easy
fabrication. By monitoring changes in the optical cavity, it is possi-
ble to measure RH with high resolution and accuracy. These probes
reached sensitivity as high as ∼5.9 nm/%RH in the range from 88
to 98%RH [20] and 0.13 nm/%RH in the 20–95%RH range [21].

Generally, optical fibre Fabry–Perot interferometric sensors to
detect humidity are produced by depositing a hydrophilic coat-
ing material on the optical fibre tip, constituting the sensor probe.
Due to the low refractive index contrast of the fibre and sensing
material, the reflectivity at the interfaces is small, therefore the

behaviour of the cavity is that of a low finesse cavity and iden-
tical to a two-beam interferometer. In this case, the interference
occurs in the volume defined by the film, between the electromag-
netic waves reflected at the fibre-film interface and those reflected
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http://www.sciencedirect.com/science/journal/09254005
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gage Mitutoyo, ID-C112BS. Fig. 2 shows a picture of the sensor head;
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t the film-external medium interface. For this configuration and
pplication, the ability of water absorption by the material plays
n essential role on the sensor performance, once the optical signal
s modulated according to the refractive indexes and thicknesses

odified by the amount of water absorbed. Several polymers have
een used for RH sensors fabrication, including PVA [22], agarose
23], chitosan [21] and PEG [24].

Presenting high hydrophilicity, chemical and thermal stability,
igh conductivity and mechanical toughness, Nafion is a suit-
ble material for many applications. Developed by DuPont, it is a
erfluorosulfonate ion exchange polymer wherein hydrophilic per-
uorinated ether side chains end with sulphonate groups, which
re periodically attached to hydrophobic perfluoroethylene back-
one molecules. Nafion films have been extensively used in fuel
ell [25] as well as in electrochemical [26] and optical sensors. For
umidity sensing, Nafion is usually used as a matrix for casting films
oped with different dyes in which RH is determined according to
heir spectrophotometric properties [14,27–32].

In this work, Nafion has been studied as a sensing phase of an
ptical fibre humidity sensor based on a low-finesse Fabry–Perot
nterferometer, being an alternative to the existing optical sensors.
he sensor probe was assembled by coating the tip of a single mode
ptical fibre with Nafion, whose refractive index and thickness
hange with humidity due to the absorption of water vapour, induc-
ng, as a consequence, an optical path modulation. The sensitivity,
tability and response time of the sensor have been quantified in the
H range from 22 to 80% by analysing the correspondent reflection
pectra of the interference fringes.

. Sensing principle

The structure of sensor head employed in the present work is
llustrated schematically in Fig. 1. The Nafion film deposited on the
ptical fibre tip forms a Fabry–Perot resonant cavity. The sensing
avity consists of two partially reflective interfaces separated by a
istance L, which is the thickness of the film. Thus, the reflection
t the interfaces of the cavity forms an interference signal at the
utput. The mirror surfaces are the interfaces between the fibre
ore-Nafion film and the Nafion film-external environment whose
eflectivity depends on the difference of refractive index between
ach optical medium. As the reflectivity of the interfaces is low,
he behaviour of the cavity can be approximated to a two-beam
nterferometer model (Eq. (1)) [33],

 = I1 + I2 + 2
√

I1I2 cos(� + ϕ0) (1)

here I is the intensity of the interference signal; I1 and I2 are the
ntensities reflected at each interface; ϕ0 is the initial phase and �

he relative phase of the interferometer, given by the expression,

 = 4�n2L

�
(2)

ig. 1. Schematic showing the structure of the fibre sensor probe (d1 = 9 �m.
2 = 125 �m and d3 = 2 mm).
ators B 196 (2014) 99–105

where n2 is the refractive index of the medium filling the cavity
and � is the wavelength of the light source. The phase difference
between both interfering beams is dependent upon the thickness, L,
and the refractive index of the cavity. The periodicity of the fringes
of the channelled spectrum can be expressed as,

��  = �2

2n2L
(3)

Changes in the cavity due to RH cause a phase shift in the
interference signal that can be retrieved by tracking the wave-
length shift of the channelled spectrum using a spectrum analyser.
Alternatively, using a readout interferometer and well established
demodulation techniques the wavelength shift can be converted
into the phase of an electronic carrier signal that can be tracked
with higher accuracy [34].

Exposing the cavity to a humid environment changes its thick-
ness and its refractive index, causing a phase change and thereby a
wavelength shift on the interference fringes. Briefly, the refractive
index reduction caused by the swelling of the Nafion film can be
explained through cluster network model [35], which is currently
the most acceptable. In this model, the Nafion forms ionic clusters
(porous), about spherical, with inverted micellar structure. In its
dried state, an average cluster has a radius of about 1.8 nm and it
contains about 26 SO3

− groups distributed on the inner pore sur-
face. In the swollen state, the diameter increases to about 4 nm and
the number of fixed SO3

− groups goes up to ∼70. Under these con-
ditions, each pore is filled with about 1000 water molecules [36].
Moreover, in this case of hydration, its refractive index, which is
nD = 1.38 when dried, reduces because the refractive index of water
is 1.33.

3. Experimental

3.1. Reagents and solutions

A 5 wt.% Nafion solution (in low alcohols and 45% water) was
purchased from Aldrich and employed as received.

3.2. Sensor probe design

The sensor probe was assembled by depositing a drop of Nafion
solution on the tip of a standard SMF28 single mode fibre (core
refractive index of 1.46) to cast a thin hydrophilic coating. Aliquots
of 6 �L and 9 �L were manually deposited on the fibre tip with a
micropipette and dried for 24 h at room temperature. Films with
thicknesses of 35 �m and 76 �m were respectively produced, esti-
mated in the region of the fibre core by means of a digital thickness
it can be seen on the tip of the fibre a transparent film, obtained by
deposition of 3 �L of Nafion, with the shape of a spherical cap. The
repeatability in the film preparation is ca. of 10%; however, this

Fig. 2. Picture of the sensor head, showing the Nafion film in the shape of a spherical
cap.
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Fig. 3. Schematic diagram of the experimen

act does not imply a real difficulty, as every new sensor needs to
e calibrated before use.

.3. Apparatus

Fig. 3 depicts the experimental setup for humidity measure-
ents. The sensor probe was placed into a measuring cell (60 mL),
hose humidity was controlled by a gas blender, constituted by two
ass flow controllers (Aalborg SDPROC TD 9704 M)  with flow rates

anging from 0 to 1000 mL  min−1. Dry air (<1.0%RH) was obtained
y passing an air flow through desiccant columns of molecular sieve
A (Aldrich), while wet air (>99%RH) was obtained by bubbling

t into bubbling flasks containing distilled water. Proper mixing
f both dry and wet air allowed varying the humidity from 22
o 80%. A hygrometer (Digi-sense humidity data logger model n◦
7003-02) was also inserted into the cell, in order to provide
he relative humidity (RH) inside the chamber, allowing the cal-
bration and evaluation of the sensor. The measurements were

ade at (25 ± 1)◦C. For interference studies, a third mass flow

Fig. 4. Reflection spectra measured at the RH of 22% (a) and 80
aratus used for the sensor characterisation.

controller (ranging from 0 to 100 mL  min−1) was adapted in the
manifold; 6.0 mol  L−1 HCl and 0.010 mol  L−1 ammonia solutions
were employed to generate acidic and basic gases, at a concen-
tration of 320 and 400 ppmv, respectively.

Reflectance spectra were obtained with a commercial sensing
unit FibreSensing model FS2200SA, working in the 1500–1600 nm
range, with 1 pm spectral resolution. The spectra were always
acquired after stabilisation of the relative humidity inside the mea-
suring cell.

4. Results and discussions

4.1. Reflection spectra and calibration of relative humidity

The sensor was studied in the humidity range from 22 to 80% by

using Nafion films with thicknesses of 35 and 76 �m. Fig. 4 illus-
trates the interference fringes measured in both extremes of RH (22
and 80%) for the two  films studied. It was verified that for both cases,
the fringes presented a sinusoidal interference pattern as expected.

% (b) using Nafion film thicknesses of 35 �m and 76 �m.



102 J.S. Santos et al. / Sensors and Actuators B 196 (2014) 99–105

Table 1
Variation of the fringe period ��  with relative humidity and thickness of Nafion
film.

Film thickness �� (RH 22%) �� (RH 80%)

35 �m 19.96 nm 17.49 nm
76 �m 10.09 nm 7.80 nm
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As the relative humidity is increased, the stability of the sensor
is decreased, reaching a standard deviation of 2.2 nm for 80%RH,
which corresponds to a standard deviation of 0.62% in the relative
ig. 5. Analytical curves for the proposed sensor obtained with thicknesses of 35 �m
nd  76 �m.

he results also reveal that, as foreseeable, that a thicker cavity has
 denser interference pattern (i.e. smaller separation between adja-
ent fringes), which defines the fringe period (��), as summarised
n Table 1.

Fig. 5 shows the analytical curves for relative humidity obtained
or the both films studied. The fitting curves display proportional
elationship between the wavelength shifts and humidity con-
ent, indicating that sensors present linear responses over the
elative humidity range studied (r2 = 0.999 for all curves). Exper-
mental results have also demonstrated that by increasing the RH,
he fringes shift towards longer wavelength and ��  are reduced
Table 1). The wavelength shift of the fringes and the decrement
f ��  is consequence of the variation in the refractive index and
n the film thickness which are affected by the relative humidity
as it can be inferred by Eq. (3)). The absorption of water by Nafion
auses its swelling, which means an increase of the volume (and
onsequent increase of the geometrical path length for the radia-
ion) and a decrease of the refractive index. Thus, concluding by
he experimental results, the swelling of the sensitive membrane
s the predominant factor because the combination of the two  fac-
ors results in an effective increase of the optical path length for the
adiation.

Additionally, it can be verified from Fig. 5 that the sensor sensi-
ivity in terms of resulting wavelength shift per %/RH (i.e. nm/%RH)

ith the gradual increase of the film thickness remains practically

he same (around 3.5 nm/%RH), as shown in Table 2. However,
t should be considered that the same wavelength shift is being
egistered for fringe patterns with different periodicity. This way,

able 2
ffect of the Nafion film thickness on the sensitivity of the sensor estimated in the
2–80% RH range.

35 �m 76 �m

S (nm/%) 3.56 ± 0.03 3.44 ± 0.01
Fig. 6. Estimated phase response as a function of the relative humidity for both
sensing cavities in the 22–32% RH range. The phase was estimated by normalising
the wavelength shift by the period and multiplied by a factor of 2�.

the sensor sensitivity is better appreciated by considering the
corresponding phase shift, since this parameter is intrinsically nor-
malised to the fringe period. Considering Eq. (2) and assuming that
a shift with the magnitude of a single period corresponds to a 2�
phase change, the sensor phase response can easily be derived.

Fig. 6 shows the output graph with the estimated phase response
as a function of the relative humidity, for the 22–32% range. The
curve for the cavity of 35 �m shows a sensitivity of approximately
1.12 rad/%RH, while the 76 �m cavity shows the highest sensitivity
(2.33 rad/%RH), thus confirming that following Eq. (2), the sensor
sensitivity is directly proportional to the cavity length L. In a practi-
cal system, in order to retrieve the phase information with very high
resolution, the fibre probe can be coupled to a serrodyne modulated
readout interferometer enabling pseudo-heterodyne interrogation
[34,37]. Typically, such system easily attains mrad resolution in
phase which, in an ideal situation, would allow to assess the humid-
ity level with 10−4%RH resolution.

4.2. Stability and interference studies

The sensor stability was  evaluated using a Nafion film with
thickness of 35 �m and RH of 22%, 40%, 60% and 80%. For each RH
value, 15 reflection spectra were stored every 9 min  during a period
of 135 min  (Fig. 7).

The stability of the sensor was evaluated by measuring the
repeatability (expressed as the standard deviation at a maximum
or at a minimum of the fringe) of the spectra obtained as a function
of time. As can be seen in Table 3, the sensor showed good stabil-
ity to humidity at a 22%RH, with a standard deviation of 0.2 nm.
humidity.

Table 3
Stability of the sensor with a Nafion film thickness of 35 �m,  expressed as the
standard deviation in the wavelength measurement.

RH (%) SD (nm) %RH

22 0.2 0.06
40  0.8 0.22
60  1.2 0.34
80  2.2 0.62
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ig. 7. Stability of the proposed sensor with a film thickness of 35 �m.  For each RH,
5  reflection spectra were stored every 9 min  during a period of 135 min.

To complement this study, the long-term sensor stability was
lso analysed. After 50 days of initial experiments, the sensing
hase with thickness of 35 �m was subjected to an experiment
imilar to the initial condition. As can be seen in Fig. 8, both curves
how good agreement, demonstrating that the sensor response
o the humidity remained almost unchanged, which confirms its
urability and good performance.

To evaluate the effect of acidic and basic gases on the sensor
esponse, HCl and NH3 were employed as models. No interference
f HCl was observed at concentration of 320 ppmv, while ammonia
nterfered at concentration of 400 ppmv. This interference can be

xplained based on the fact that ammonium ion can form an ionic
air with the sulphonate group of Nafion, changing its characteris-
ics, such as refractive index and thickness.

ig. 8. Sensor responses to humidity (film thickness of 35 �m) obtained in two
istinct periods with a time interval of 50 days.
Fig. 9. Response of the sensor (film thickness of 35 �m)  as a function of time for RH
variation from 22% to 80% obtained in the measuring cell (a) and by inserting the
fibre tip directly into the hose nozzle (b).

4.3. Response time

In order to estimate the response time of the sensor (film thick-
ness of 35 �m)  a tunable laser (Model Agilent 8198A) was used and
set at 1543 nm.  The signal was acquired by photodetector Model
2033 from New Focus. The measurement was performed by expos-
ing the sample to a humidity variation of 58% (22–80%) obtaining
the signal output in the time domain, as shown in Fig. 9a. A response
time of 3.5 s was estimated for a wavelength shift of half period,
which corresponds to a RH variation of 3%. This response time was
estimated from the second oscillation, as the first one encompasses
the time necessary for the stabilisation of the mass flow controllers.
It can be also inferred from this Figure that it is necessary 25 s for
obtaining a stable signal, referred to the whole variation of RH.

Similarly, the response time of the same sensor was  estimated
without the measuring cell, inserting the fibre tip with the sensing
phase directly into the hose nozzle used for carrying N2. It can be
observed in Fig. 9b that for a RH variation of 3% the time response
falls to 242 ms  and it is necessary 11 s for achieving a steady state
signal. These results indicate that the response time depends on
the volume of the measuring cell and not of the response time
of the sensor itself. In addition, the recovering time was  evalu-
ated by varying the humidity from 80 to 22%, being necessary
2 min  to reach a steady state signal, fact that demonstrates that
desorption of water from the film is slower than the process of

absorption. Despite the different in the response times, no hystere-
sis was observed with the sensor based on the 35-�m Nafion film,
as the curve obtained from 80% to 22% of relative humidity overlaps
that obtained when the humidity is increased (shown in Fig. 5).
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. Conclusions

Nafion was employed as a sensing phase in an optical fibre
umidity sensor based on Fabry–Perot interferometry. Due to the
igh hydrophilic character of the film, the RH variation affects the
mount of water absorbed by the Nafion film, varying its refractive
ndex and thickness. As a consequence, there is wavelength shifts
n the reflected light, which is proportional to the relative humidity.

The sensor presents a linear response range from 22 to 80%RH
nd a response time of 242 ms  (3% RH variation), with a sen-
itivity estimated as 3.5 nm/%RH. Long-term stability was also
bserved. The phase response was also estimated, and a sensitiv-
ty of 2.66 rad/%RH was calculated, showing the potential of this
ensing probe to measure RH with high sensitivity and very high
ccuracy, when coupled with an appropriate readout interferomet-
ic system. These results indicate that an optical sensor based on
he Fabry–Perot interferometry, which uses Nafion film as resonant
avity, can be employed for monitoring relative humidity in air.
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