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A fiber optic device sensitive to humidity is detailed and modelled by ray tracing based on Monte
Carlo simulation. The device is intended primarily for monitoring humidity in the microenviron-
ment of wounds without removing the wound dressing and thus disturbing the wound-healing pro-
cess. To produce the sensor, cladding is removed from a segment of its polymer-fiber and
mesoporous SiO, nanoparticles are deposited in the exposed zone. This introduces an additional
light-transmission loss. The extent of such loss is related to the relative humidity of the environ-
ment. Such a relationship, embodying the essence of the sensor’s modulation principle, is examined
in this paper by ray tracing based on Monte Carlo simulation. The sensor is explained in detail and
its performance is characterised.
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1. Introduction

Measurement of humidity is valued highly not only in meteorological forecasting, air
conditioning and farming but also in the manufacturing of numerous products such as
pharmaceuticals and materials engineering. It has also been of interest in fiber-optics
as the radiation loss may depend on the relative humidity. A considerable body of
research has been devoted to fiber-optic (FO)-based techniques for humidity sensing.
An overview of fiber-optic-based methods for humidity sensing is given in [1]. They
are cross compared to non-FO methods in [2]. Optical fiber humidity sensors are fur-
ther elaborated in [3, 4], covering both extrinsic and intrinsic sensor types. Based on
their working principle, FO sensors have been described that operate on the basis of
absorption [5—-9], interference in general [10—12], fiber Bragg grating [13—16], and
electromagnetic resonance [17-19].

Polymer optical fibers (POFs) have much potential in sensing applications. Com-
pared to their glass counterparts, they are less costly and easier to handle. POF humidity
sensor (POFHS) has been proposed [20]. Its signal is modulated by the evanescent
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wave (EW) interreacting with the hydrophilic film whose refractive index changes in
the presence of water molecules that tend to attach to it.

In the earlier publications various accurate methods of multimode fibers modal
analysis is exploited. For example, the method that relies on the solving power flow
equations was described in [21-24]. The solution gives the angular properties of the
beam that originates from a prescribed source distribution and propagates down the
multimode fiber. In this paper there is a report that applied the ray tracing model to sim-
ulate of POF humidity sensor characteristics and compare the experimental result that
has been reported in [20].

2. Polymer optical fiber humidity sensor — an overview

An intensity-modulated optical-fiber humidity sensor measures light intensity that var-
ies due to the evanescent wave interreacting with the hydrophilic film. Commercial
fiber ESKA SK-10 (by Mitsubishi Rayon Co., Ltd.) was used to build the sensor. This
multimode (step index) polymer fiber has the polymethyl-methacrylate resin core with
the diameter of 240 um. Its index of refraction is 1.49 and numerical aperture 0.5. Its
core is cladded in a 5 um fluorinated polymer. The optical fiber of the humidity sensor
is specially sensitized by precision machining into the cladding of a selected fiber seg-
ment. This removed the cladding and a portion of the fiber core along a selected fiber
segment as illustrated in Fig. 1.

The length and depth of the sensing zone affect the sensitivity. Once the cladding
and a part of the core are removed, a film sensitive to humidity is deposited using the
LbL method. It consists of SiO, mesoporous nanoparticles (SNOWTEX 20L, 40—50 nm
diameter, Nissan Chemical, Japan). They were deposited with poly(allylamine hydro-
chloride) (PAH) to form a PAH/Si0O, hydrophilic material. This combination provided
a higher sensitivity to humidity [25]. The deposition of the PAH/SiO, layers was in
three stages [26]. The resulting cut-out introduced light transmission loss that is related
to relative humidity. Such a relationship, embodying the essence of the sensor’s mod-
ulation principle, is examined in this paper by ray tracing based on Monte Carlo sim-
ulation.
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Fig. 1. Ray representation in light propagation along the sensitized FOHS.
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3. Three-dimensional ray-trace modelling of POFHS

Using Monte Carlo simulation, the basic idea is to trace rays propagating along the
fiber that has the sensitised zone. Rays radiated through the sensitive zone represent
a modulation loss induced by the sensor — for the particular level of relative humidity
taken as a reference. At different humidity, the ratio of this light loss to that in the sen-
sitive zone at reference humidity level is then calculated (under equal other conditions).
The magnitude of this relative loss characterises the device sensitivity for the particular
set of the sensitive zone’s features, chiefly the zone length, depth and the number/type
of deposited layers. Because it would be difficult to optimise these multiple sensor-fea-
tures experimentally, a computer optimisation is performed by ray tracing.

Monte Carlo simulation is used to generate random directions for many input rays
(more than 10%). Each such launch is traced as it propagates along the POF until either
contributing to a radiation loss or reaching the output fiber end. To represent light orig-
inating from a point-source at the center of the input fiber-end, two angles are used to
describe the launch directions with respect to the fiber axis: 8 and ¢. The latter angle
is sampled uniformly in the range 0—2= by the standard random number y, distributed
uniformly between 0 and 1:

@ = 2my, (D

Angle 6 is sampled as a Gaussian distribution with standard deviation o

2
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The mean angle 0, in (2) is from the function GASDEV (Gaussian deviates) that is
apartofaprogram library [27]. The overall number of rays launched is a fixed parameter.

Together, Equations (1) and (2) model the input distribution in three dimensions.
Every ray direction thus generated is from an isotropic point-source eradiating the input
fiber-end as a convex spherical surface distance of H from it, in a medium with the
refractive index ny. While a different launch arrangement would be possible, mode cou-
pling is strong in POFs causing all input distributions to converge rapidly (to what is
called equilibrium mode distribution consistent with the said two equations). Further
ray trajectories with distance from input fiber-end are traced by the method described
previously [28, 29].

4. Results

The important part of the simulation is to trace rays as they propagate along the sen-
sitized zone of the multimode POF (ESKA SK-10 multimode POF, Mitsubishi Rayon
Co. Ltd. with the core diameter of 240 pm, 1.49 core refractive index and 5 um thick
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fluorinated polymer cladding; NA =0.5). A 125 mW point source was situated distance
100 um from the input fiber end. The axial location at the start of the zone is specified
as an input parameter z = z; along the fiber axis. The zone is rough, and the depth of
the zone is fixed. Sensing region’s lengths of 5, 10, 20 and 30 mm were modelled for
the core diameter reduced to 190 pm. The condition for total reflection was examined
for each ray at every reflection. The program recorded the outcomes. If a ray reached
the sensitized zone, its transmission loss was also recorded. To compare the interaction
of the evanescent wave with different lengths of the sensitive zone, the transmittance
at wavelength of 611 nm was calculated as a function of length of the unclad section
of the POF. The transmittance is simply calculated as the ratio (P,,/P;,) X 100% where
P, 1s total optical power at the end face of the fiber, and P, is the total initial power
at the fiber origin.

For a 25 pm deep zone, the transmittance as a function of the zone length is given
in Fig. 2. It is observed that with an increased length of the zone, less light reaches the
end of the fiber. In other words, the longer the unclad region, the more of the light es-
capes from the fiber core. A decreasing logarithmic function for transmittance vs.
length of the zone was fitted to represent these results.

Figure 3 shows transmittance as a function of the number of PAH/Si0, layers de-
posited. The hydrophilic mesoporous films are deposited layer by layer on the unclad
central region of the POF. The light intensity change in the interaction of the evanescent
wave with the hydrophilic film is calculated as well.

Light traveling through a step-index POF is guided within the core as a result of the
total internal reflection if the critical angle criterium is fulfilled. If the light riches the
region with hydrophilic mesoporous films, at each point it generates a standing wave
that extends beyond the core of the fiber and penetrates the layer region of the FOHS.
A PAH/Si0, layer is approximately 45 nm thick so after 7 layers the deposited film
thickness is close to 360 nm. In the computer simulation, the exponential amplitude
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Fig. 2. Transmittance vs. the length of the unclad section of the POF.
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Fig. 3. Transmittance at 611 nm vs. the number of layers deposited.

decay of the evanescent field with distance from the core is considered when calculat-
ing transmittance. Results have been fitted with the polynomial function of the third
order. This method allows the optical fiber to be used as a sensor where the field gen-
erated at the interface with the target surrounding the fiber, thus giving information as
a result of optical absorption.

Figure 4 shows the calculations with POFHS coated with five and seven PAH/SiO,
layers. Calculations are for the wavelength of 611 nm for both sensors (190 pm core
diameter and 30 mm length of the sensitive region).

Relative humidity represents the ratio of the amount of water vapour present in the
atmosphere to the maximum amount the atmosphere can hold and is often expressed
as a percentage. From the graphical interpretation of the results in Fig. 4, it can be ob-
served that the POFHS sensitivity increases as the number of layers increases.

100
— 9%
X
— y =-0.1146x + 101.142
8 90
&
£ g y = -0.3904x + 104.467
€
@
g
= 80

@ 5 PAH/SIO, layers
75| M 7 PAH/SIO, layers

10 20 30 40 50 60 70
Relative humidity [%]

Fig. 4. Transmittance vs. relative humidity. The curves of a POFHS coated with five and seven
PAH/SiO, layers. Calculations were for the wavelength of 611 nm, for the core diameter of 190 pm and
for 30 mm long sensitive region.
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5. Conclusion

Low cost, ease of termination/coupling and relatively high resistance to fracture of
plastic optical fibers relative to those of their counterparts made of glass have long been
attracting a considerable amount of research interest. Furthermore, plastic fibers’ use
as sensors often requires not much more than basic (inexpensive) devices such as light
emitting and photodiodes. In this paper, three-dimensional analysis of light propaga-
tion through the optical fiber humidity sensor is reported. The sensor characteristics
are simulated in order to analyse and compare the experimental results. All major cases
that may appear when light interacts with the device’s sensitive zone have been con-
sidered. This simulation includes different lengths of the sensitive zone of the POF. In
the computer experiment, the penetration depth of the evanescent wave and its inter-
action with the hydrophilic film is related to the light loss that reaches the sensitized
region. The refractive index of PAH/SiO, layers was altered by, and the fiber trans-
mittance was calculated as a function of, relative humidity. From the graphical inter-
pretation of our results in Figure 4, the calibration curve for the humidity sensor is
determined as

transmittance = —0.11 relative humidity + 101.142
transmittance = —0.390 relative humidity + 104.467

for sensors with five and seven PAH/Si0, layers, respectively. These results are in good
agreement with previous experimental results [20].
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