Humidity sensor based on tapered single mode fiber coated with a
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Abstract. A simple humidity sensor is suggested basing on a tapered single-mode
fibre coated with a mixed polymer composite hydroxyethyl cellulose/polyvinylidene
fluoride. The tapered fibre produced by an etching technique and coated with a
humidity-sensitive cladding creates intermodal interference which enables detecting
humidity changes. The performance of the sensor is studied for the two fibre
diameters, 50 and 87.5 um. As the relative humidity increases, the interference
spectrum shifts towards longer wavelengths. The highest sensitivity, 0.0116 nm/%,
is obtained at the smallest tapered-fibre diameter of 50 pm, with the linearity being
more than 98.20%.
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1. Introduction

Recently, much effort has been poured into development of various fibre-optic sensors, which
reveal many important advantages. Compared to conventional electric-based sensors, the fibre-
optic ones prove to be cheap and applicable in hazardous environments or the places where
immunity to electromagnetic interference is required. They also offer various possibilities for
multiplexing a large number of different sensors (e.g., those used for detecting temperature, pH,
humidity, high magnetic field, displacement, pressure and acceleration) into the same optical fibre,
thus removing a need in multiply cabling required in traditional electronic sensing [1]. Likewise,
tapered fibres have also attracted a considerable interest in the recent years since they exhibit a
number of exciting properties [2—4]. The tapered fibres manifest a strong evanescent field that
travels along the cladding, which can be manipulated for different sensing applications. For
instance, Muto et al. [5] have demonstrated humidity sensors, which are based on the reversible
absorption of water from an ambient atmosphere into a porous thin-film interferometer sitting at
the tapered fibre. The water absorbed from the ambience changes the refractive index of the thin
films and subsequently transforms a strongly lossy fibre into a perfect lightguide. The humidity
sensing has also been suggested using a tapered fibre with an agarose gel [6].

Earlier a humidity sensor that employs a tapered plastic optical fibre coated with a mixture of
hydroxyethyl cellulose/polyvinylidene fluoride (HEC/PVDF) polymers has been demonstrated
basing on the intensity modulation technique [7]. Notice that this technique requires periodic
recalibration to maintain the accuracy. In the present study, we study a new optical-fibre humidity
sensor based on a wavelength shift occurring in a tapered single-mode fibre (SMF) coated with the
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HEC/PVDF composite. The composite coating changes its optical properties in response to the
changes of the relative humidity of its surrounding. The performance of the sensor is investigated
for different diameters of the tapered fibre.

2. Experimental arrangement

A number of media such as polyimide, crystal violet, porous silica xerogel [8], agarose, and a
variety of methyl polymers could be used to coat tapered fibres for various sensing applications,
including humidity measurements. In this work, a mixture of HEC and PVDF was chosen as a
sensing material since it is inexpensive and relatively simple to prepare. At first, 1 g of the PVDF
powder (M, =275,000 by GPC) was dissolved in 120 ml of dimethyl sulfoxide and 100 ml of
distilled water. Then 4 g of the HEC was added to the PVDF solution. The mixture was
continuously stirred at the room temperature for about 10 h to generate three-dimensional structure
of the mesh gel (hydrogel). The dimethyl sulfoxide solvent was used because the HEC is only
soluble in water, while the PVDF is not. Fig.1 shows the image of the HEC/PVDF solution and the
microscopic image of the HEC/PVDF composite.

~(a) (b)
Fig. 1. (a) Image of HEC/PVDF solution and (b) microscopic image of HEC/PVDF composite.

A tapered fibre was prepared from a standard communication-grade SMF with a chemical
etching technique, using a solution of hydrofluoric acid (47%) for about 10 and 30 min, in order to
obtain different diameters. The SMF had the diameters of core and initial cladding equal to 8.3 and
125 pm, respectively. The coating of a short section of the fibre (about several centimetres in
length) was removed prior to the etching process. Next, the HEC/PVDF composite solution thus
prepared was gently dropped onto the etching fibre, using a syringe, and was left to dry for 48 h.
Fig. 2a, b and c show the microscopic images of the SMF fibre before and after 30 min- and
10 min-long etchings performed with the aid of the hydrofluoric acid solution. Finally, Fig. 2d
shows the etched fibre after its coating with the HEC/PVDF composite.

(d)

Fig. 2. Microscopic images of our SMF taken (a) before etching (the initial diameter is 125 ym) and after
etchings for (b) 30 min (the final diameter is 50 ym) and (c) 10 min (the final diameter is 87.5 pm). Panel (d)
shows etched SMF coated with the HEC/PVDF composite.
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Fig 3. Experimental setup of our relative humidity sensor: abbreviation ‘ASE’ means an amplified spontaneous
emission and ‘OSA’ an optical spectrum analyzer.

Fig. 3 depicts the experimental setup of our sensor aimed at detecting changes in the relative
humidity using the tapered SMF coated with the HEC/PVDF composite. The input and output
ports of the microfibre are connected to a source of amplified spontaneous emission and an optical
spectrum analyzer, respectively. A sensed probe is placed into a sealed chamber containing a dish
filled with a saturated salt solution. Exposing the HEC/PVDF composite to the relative humidity
changes inside the chamber produces variations in the optical transmission spectrum. In the
experiment, the performance of our sensor has been investigated for the relative humidity changes
ranging from 60 to 80%, using a 1365 data-logging humidity-temperature meter.

3. Results and discussion

In this work, the SMF diameter has been sharply reduced by chemical etching to allow the
fundamental mode and the higher-order modes to enter and propagate inside the core. As the light
propagates through an air—cladding interface in the taper-waist region, the SMF is converted into a
multi-mode fibre due to a large difference between the refractive indices of the air and the glass.
These modes then recombine at the output end of the tapered fibre. The consequence of the back-
and-forth coupling between the single mode of the untapered fibre and the two (or more) modes of
the tapered fibre is oscillations of spectral response of the tapered fibre. This gives rise to a
periodic behaviour of the transmission spectrum. The velocities and the phases of the interfering
modes at the air—cladding interface are sensitive to the change in the refractive index of the
surrounding medium.

Hence, various sensors can be implemented by monitoring the shifts occurring in the
transmission spectrum of the modal interferometer. However, we have observed that the spectral
response of the tapered fibre itself remains unchanged with varying humidity. This is the reason
why the humidity measurements performed in this work are based on the tapered fibre coated with
the humidity-sensitive layer such as the HEC/PVDF composite. Fig. 4 displays the transmission
spectra of the amplified spontaneous emission for the tapered SMF coated with the HEC/PVDF
composite, which have been measured at different relative humidities ranging from 60 to 80%.
The characteristics of the sensor are investigated for the cases of two tapered fibres with the
diameters of 50 and 87.5 pm. As seen from Fig. 4a and Fig. 4b, the transmission spectra for the
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both fibre diameters shift from shorter wavelengths to longer ones with increasing humidity. As an
example, the wavelength corresponding to the transmittance maximum at the diameter of 87.5 pm
shifts from 1554.56 to 1554.78 nm as the relative humidity increases from 60 to 80%. The
wavelength shift becomes larger as the diameter of the fibre is reduced.
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Fig. 4. Transmission spectra of our sensor measured at different relative humidity percentages (60, 70 and 80)
for the cases of tapered-fibre diameters being equal to (a) 50 um and (b) 87.5 pm.

Fig. 5 shows the dependences of the wavelength corresponding to the transmittance maximum
upon the relative humidity measured for the HEC/PVDF-coated tapered fibres of different diame-
ters. As seen from Fig. 5, the wavelength corresponding to the transmittance maximum shifts al-
most linearly towards longer wavelengths with increasing relative humidity. An increase in the hu-
midity increases the refractive index of the HEC/PVDF layer and so increases the overall cladding
refractive index. In its turn, this changes the velocity and the phase of the two modes interfering at
the air—cladding interface. This effect is transformed into a shift of the comb-like transmission
spectrum observed at the output of the tapered fibre. The sensitivity of the sensor depends strongly
on the fibre diameter which determines the effective refractive index of the cladding. The highest
sensitivity, 0.0116 nm/%, is obtained at the smallest diameter, 50 um, with the linearity being not
less than 98.20%. The sensitivity degrades down to 0.0065 nm/% as the diameter increases up to
87.5 um. The performance characteristics of our sensor are summarized in Table 1.
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Fig. 5. Shifts observed for the wavelength corresponding to the transmittance maximum with
increasing relative humidity.

Table 1. Performance characteristics of our humidity sensor dependent on conditions of
preparation of the basic optical fibre.

Performance SMF etching during 30 min; the SMF etching during 10 min;

characteristics diameter 50 pm the diameter 87.5 um
Sensitivity (nm/%) 0.0116 0.0065

Linearity (%) 98.20 97.45

4. Conclusion

We have suggested a simple humidity sensor using a microstructure-tapered optical fibre coated
with the HEC/PVDF composite. The tapered fibre is fabricated with the etching method. In order
to obtain two different fibre diameters, we have used the hydrofluoric acid solution (47%) acting
for 30 and 10 min. As the relative humidity increases, the optical transmittance wavelength
corresponding to the transmittance maximum shifts towards longer light wavelengths. The
microfibre with the diameter of 50 pm has the sensitivity of 0.0116 dBm/% and the linearity of
more than 98.20%. For the probing fibre with the diameter of 87.5 um, the sensitivity of
0.0065 dBm/% is achieved, with the linearity not less that 97.5%. Hence, our experiments
demonstrate that the HEC/PVDF-coated fibre reacts sharply to the humidity changes, via the
changes in the effective cladding refractive index, and so proves its capability as a relative-
humidity sensor.
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Anomauin. B pobomi 3anpononosanuii npocmuil CeHcop 601020Cmi, 0A308aHUll HA KOHIYHOMY
00HOMOO0B0OMY 600KHI, HOKPUMOMY 3MIWAHUM noniMepHUmM KOMNO3UMOM
2I0POOKCUEeMUNYEION03U/NONIGIHITIOeHImopudy. KoHiuHe 8010KHO, 8USOMOGNIeHe MPABICHHAM I
noxpume 000JIOHKOIO, YYMIUGOI 00 BOJO20CMI CMEOPIOE MidCMOO008Y inmepghepenyiio, Axa
0036071€ peccmpyeamu 3MiHU 801020cmi. Xapakmepucmuku ceHcopa 00Cioncy8anacs 0is 080X
diamempie eonoxna: 50 i 87,5 mxm. Ilpu 3pocmanni gonozocmi cnekmp inmepgepenyii 3smiujascs
6 obnacme Odoseux 006dxcun xeuns. Hatisuwa wymausicme 0,0116 nm/%, 6yra ompumana ons
6010KHA 3 MeHWUM diamempom 50 mxm, 3 ninitinicmio ne 2ipwioro Hise 98,20%.
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