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Abstract: We investigated the capabilities of long period gratings (LPG) in single-mode microstructured poly-
mer optical fibre (mPOF) for humidity sensing. For that mPOF LPGs were exposed to different humidity levels
at a constant temperature of 30°C in a climate chamber. During the long term tests, which took up several weeks,
the humidity was changed in several steps while mPOF LPG wavelength and fibre attenuation were measured.
We also measured the water uptake of mPOF in environment with different relative humidity.
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1. Introduction

Polymer optical fibre (POF) has a higher flexibility including a smaller Young’s modulus and a greater elastic
limit than silica fibre [1], [2]. This flexibility makes POF very attractive for any sensing application where high
strain values have to be measured. Besides its good suitability for strain measurements POF interacts with water.
Polymethyl methacrylate (PMMA) can absorb up to 2 wt% of water depending on the relative humidity of the
surrounding medium [3], [4]. The relation between water content of the fibre and relative humidity is slightly
non-linear [5]. Absorbed water changes the mechanical and optical properties of PMMA. It causes swelling of
the fibre [6], [7] and a change of the refractive index due to an altered mean polarizability of the fibre material
[8], [9]. In literature investigations about the influence of humidity to fibre Bragg gratings (FBG) in single-mode
POF [10] and LPGs in mPOF [11]-[14] can be found.

1.1. Microstructured POF

For our investigations microstructured POF (mPOF) was used. The mPOF consists of a pattern of small air holes
drilled into the cladding area of the fibre. These holes continue through the whole length of the fibre as air chan-
nels [15].The first mPOF was reported in 2001 by the Optical Fibre Technology Centre at the University of Syd-
ney [16]. The mPOF is fabricated by drilling holes into a poly methyl methacrylate (PMMA) preform with a
CNC-Mill and then extruding it to the desired diameter [17], [18]. Light guidance is made possible with a mech-
anism called index guiding. Due to the air holes the microstructure creates a cladding with an effective refractive
index Acjaaing Which is smaller than the refractive index of the solid core region #c.. Therefore the light is con-
fined to the core and light guiding is made possible. Depending on the structure which is used for the mPOF the
optical properties like the number of guided modes or the numerical aperture of the fibre are changing. One
advantage of this type of fibre is that is made just from pure PMMA and no dopants are necessary.

1.2. Long period gratings in mPOF

Into the fibre a long period grating (LPG) has been written. A LPG is a periodically varying structure along the
fibre which couples light from forward propagating core modes to forward propagating cladding modes. Due to
absorption and scattering the light of the cladding modes gets lost and loss features occurs in the transmission
spectrum. The coupling wavelength A pg of the loss features is given by the phase-matching condition described
by the coupling equation [19]

Mpg = Aneff(ﬁ')P 1

where

Aneff (ﬂ’) = nCore (j’) - nlCladding (ﬂ“) (2)
m is the order of coupling, P is the period of the grating, nc,, is the refractive index of the core and 7¢juq4ing 1S the
effective refractive index of the i-th cladding mode.

The period of a LPG is usually in the order of 0.1 mm to 1.0 mm and thus much larger than the wavelength of
the guided light. Therefore manufacturing of such grating is easier than making a fibre Bragg grating (FBG). The
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technique for fabrication of the LPGs is based on permanent mechanical imprinting. A grooved rod acts as a
stamp and is applied with a defined weight to the fibre [20], [21].

When a mPOF is exposed to humidity several things happen. Water absorption causes the mPOF to swell.
Therefore the grating period P and the geometry of the microstructure and thus the effective refractive index of
the cladding 7cj,qaime are changed. Also the water changes the refractive index of the PMMA material itself and
thus the refractive index of core nc,. and cladding nciuaine. Hence a shift of the coupling wavelength A;pg occurs
when the water content of the mPOF LPG is changed.

2. Experimental setup

For the experiments we used an Ocean Optics USB4000 CCD spectrometer with a measurement range from
527 nm to 1191 nm and a wavelength resolution of 210 pm. As white light source we used a Yokogawa
AQ4305. All experiments were done in a temperature and humidity controlled Vétsch HC4033 climatic cham-
ber. In the chambers the mPOF was fixed on a glass plate paying attention that no stress is applied to the fibre.
Temperature and humidity was measured with an Ahlborn 2890-9 measuring device using an Ahlborn FHA646-
E1C combined temperature and humidity sensor. For weight measurements a Sartorius CP225D analytical bal-
ance with a reproducibility and linearity of 0.02 mg was used.

We used mPOF LPGs from Kiriama. The mPOF shows single-mode behaviour and is made from pure PMMA.
The fibre has an outer diameter of approx. 340 um and a core diameter of 5.5 pm. The sample length is 2 m with
the LPG located in the middle. The length of the LPG is 15 cm with a period of 1 mm.

We evaluated all loss features of the mPOF LPGs in the region between 540 nm and 850 nm. Above 860 nm the
fibre attenuation is too high for any measurement except for a window between 925 nm and 975 nm. The loss
features had full spectral width at half maximum (FWHM) of 8 nm to 10 nm and an amplitudes between 5 dB
and 6 dB. We fitted a Gaussian curve to the loss features to determine their location.

2.1. Sample preparation

For better handling the mPOF was elongated on both sides with FC/PC silica fibre pigtails. We used a 50 micron
core standard multimode step-index fibre. Therefore the end-faces of the mPOF had to be prepared.

Cutting a mPOF often results in cracks of the microstructure. In Fig. 1 (left) the mPOF end-face after cutting
with a cold razor blade is shown. After testing different cutting methods we found that polishing the fibre works
well. We used 1000 pm to 0.3 pm abrasive paper. Fig. 1 (right) shows a mPOF end-face after polishing. The air
holes are closed with material abrasion which reflects the light of the microscope. This causes the air holes to
look brighter than the solid structure. After polishing the end-face is smooth and shows just very slight scratches.

After preparation of the end-faces the mPOF and the silica fibre were aligned and brought into physical contact
using a V groove with a length of 3 cm and a sub-micrometre translation stage. For alignment the fibres were
connected to a light source and a power meter so we could measure the light transmission. No index matching
fluid was used. Both fibres were glued to the V groove to fix the butt coupling. After adding the glue the fibres
were realigned to ensure maximal transmission. After 1 hour curing time the fibre connection was mechanically
stabilized using a steel sleeve. The cavity between sleeve and V groove is then filled with epoxy glue.

Fig. 1: Left: Cross section of a microstructured polymer optical fibre. The cracks are a result of a rough cut with a
cold razor blade. Right: mPOF end-face after polishing. The air holes are closed with material abrasion which
reflects the light of the microscope. This causes the air holes to look brighter than the solid structure.
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3. Results

3.1. Water absorption

For this experiment a 15 m long mPOF sample with a weight of 1.316 g measured at 24°C and a relative humid-
ity of 50% was used. The fibre was exposed to different levels of relative humidity. After several hours of accli-
matization time the fibre weight was measured. The result is shown in Fig. 2. The sorption values are slightly
higher than the values given by Thomas for PMMA film [5].
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Fig. 2: Water sorption in mPOF for different relative humidity.

3.2. Response of the mPOF LPG to humidity changes

We exposed a mPOF LPG to certain humidity values in a climatic chamber. Starting at 20% the relative humid-
ity was increased in steps of 10% every 10 hours up to a value of 90%. After holding this value for ten hours the
relative humidity was decreased again in 10% steps every 10 hours back to a value of 20%. During this proce-
dure the temperature was held constant at T = 30 °C. The measured shift of the LPG wavelength can be seen in
Fig. 3. The steady state shows an increased LPG wavelength A;ps for increasing relative humidity and a de-
creased A pg for decreasing relative humidity. On a shorter time scale A;pg initially runs in the opposite direction.
These results show the opposite behaviour compared to a UV inscribed long period gratings in mPOF [11],
where A;pg decreased for increasing humidity.
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Fig. 3: Change of the wavelength of two mPOF LPG features cycling the relative humidity between 20% and 90% in
10% steps at a constant temperature of 30 °C.
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Fig. 4: Change of the mean attenuation in the wavelength region from 930 nm and 975 nm of a mPOF with a length
of 2 m for cycling the relative humidity between 20% and 90% in 10% steps at a constant temperature of 30 °C.

We assume that this effect is caused by the humidity which first affects the cladding and later reaches the core.
In the first phase water changes the refractive index of the cladding. Also it causes swelling which changes the
period of the grating and the geometry of the microstructure and thus the effective refractive index of the clad-
ding. According to [11] the refractive index change should be the dominating effect. In the second phase the
water reaches the core which changes its refractive index, cancelling out the effects in the cladding. As the re-
fractive index change for the solid core is stronger than for the cladding (solid materials with air holes), the final
wavelength shift has the opposite direction compared to the shift which occurs in the first phase.

The wavelength shift increases non-linear with relative humidity. This corresponds to the results from [5] where
a similar dependence between water sorption in PMMA films and relative humidity was shown. We expect that
there is in first approximation a linear relation between wavelength shift and water content. The offset between
the wavelength shifts of both LPG features is caused by the fitting algorithm. As the LPG spectra of the wave-
length feature changed their shape during the experiments from symmetric to asymmetric irregular shapes calcu-
lation of the LPG wavelength introduces some error.

Based on the constant levels reached after several hours we calculated the mean sensitivity of the mPOF LPG to
relative humidity changes for wavelength features in the range between 550 nm and 850 nm at T =30 °C. The
mean normalized wavelength shift A, pg / A pg for humidity changes is:

fiéﬁgglﬁgﬂlz(lgilﬁ)x104/10%’
orH

Absorbed water increases the attenuation losses in PMMA POF especially for longer wavelength [22]. Therefore
we measured the mean change of attenuation in the region between 930 nm and 975 nm. In Fig. 4 the result is
shown. The increase of attenuation is non-linear and stronger for lower humidity. When the relative humidity is
changed it takes some time until the attenuation starts increasing. We assume that this delay is caused by time
the water needs to reach the core. The mean increase of attenuation at 950 nm is calculated to 45 dB/km / %.

3.3. Time response to humidity changes

After changing the relative humidity it takes several hours for the water to diffuse into the fibre and thus a con-
stant wavelength shift is reached. In Fig. 5 the time evolution of fibre attenuation and LPG wavelength can be
seen for the step from 40% to 50% relative humidity. Two minutes after start changing the relative humidity, at
this time the humidity in the climate chamber has reached a value of 45%, the LPG wavelength begins to de-
crease. After 4 minutes the climate chamber reaches the 50% level. Between minute 10 and 20 the fibre attenua-
tion increases slightly and the decrease of the LPG wavelength shift slows down as the water reaches the core.
After 30 minutes the increase of the fibre attenuation gets stronger and the LPG wavelength shift changes its
direction and starts increasing.
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Fig. 5: Time response of fibre attenuation and LPG wavelength for increasing the relative humidity from 40% to 50%
at a temperature of 30°C.

4. Conclusions

In the paper we investigated the capabilities of single-mode mPOF with mechanically imprinted LPGs for hu-
midity sensing. We measured the water uptake of mPOF at different relative humidity and we exposed mPOF
LPGs to different humidity levels at a constant temperature of 30°C in a climate chamber. We measured the time
response of LPG wavelength and fibre attenuation which needed around 10 hours to follow a 10% change in
relative humidity. As the water diffusion first affects the cladding and later the core the first LPG wavelength
shifts changes its direction when the water reaches the core.
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