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Abstract: In this work a multiparameter plastic optical fiber (POF) sensor is presented. A three
lobes POF consisting of polymethylmethacrylate (PMMA) core and a fluorinated polymer (FP) for
the cladding was fabricated. The aim is to use a plastic fiber with non-circular shape to implement a
bending direction and rotation sensor. The mode confinement in the plastic filament obtained with
the extrusion process was simulated, and the effect of bending evaluated. The POF sensor is
interrogated in transmission using an LED as light source and a charge-coupled device (CCD) to
capture the light intensity distribution inside the core, and then analyze the changes when a
bending or a rotation is applied.
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1. Introduction

In recent years, fiber-based sensors have played an important role in many applications: in
bridge security monitoring [1], biochemical sensing [2], gas concentration detection [3] and power
system monitoring [4], due to their advantages, such as small size, immunity to electromagnetic
interference, remote sensing capability and high sensitivity. Novel fiber sensors are mainly
fabricated by innovating the structure of fiber grating or inscribing grating in special fibers instead
of standard single mode fibers (SMF). These developments are focused on solving the problem of the
cross-sensitivity between temperature and strain and on implementing multi parameters fiber
sensors for new measurands. Baiou Guan et al. [5] utilized a superstructure FBG to achieve the
simultaneous measurement of strain and temperature; Maoqing Chen et al. [6] combined a micro
extrinsic Fabry-Perot interferometer with an etched FBG for the simultaneous measurement of strain
and magnetic field. Yunhe Zhao et al. [7] used a UV laser to inscribe a tilted FBG in a few mode fiber
(FMF), for the simultaneous measurement of directional curvature and temperature. Hangzhou
Yang et al. [8] proposed a novel optical implement to realize the simultaneous measurement of
refractive index (RI) and temperature. The sensor was based on an FBG inscribed in an FMF by a UV
laser and a cladding-less structure made by a chemical etching technique. Multicore fibers (MCF)
have been used also in sensing field, David Barrera et al. [9] inscribed tilted fiber Bragg grating
(TFBG) in a seven-core fiber by an Argon-ion laser. The TFBG coupled light from the
incident-guided mode not only to the cladding modes but also to the neighbor cores, and the
interaction showed great sensitivity to the external environment. The optical sensor was used to
measure strain, curvature direction and magnitude, and external RI. An alternative to the sensor
implemented through the inscription of gratings in different types of fibers is given by the strongly
coupled MCF: in [10] is reported a strain sensor implemented using an MCF with the cores placed
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closer to each other than in the common MCF fiber. This MCF was spliced on both sides with SMFs,
one of them has a mirror at the end. The interference between two supermodes excited in the MCF,
allows to obtain an interferometric strain sensor. In this work an optical fiber with non-circular
shape was fabricated, with three lobes. Specifically, the fiber consists of a three lobes fiber core of
PMMA with cladding. The filament was directly extruded from plastic pellets, and the trilobal
shape was obtained using a customized shaping extrusion die. The three lobes shape of the fiber
was conceived to implement a low-cost optical fiber sensor for bending direction and rotation. The
bend direction sensing principle is based on the shift of the light modes that propagate in the three
lobes fiber of the PMMA when the plastic filament is bent. The circular asymmetry of the fiber
permits to retrieve the direction of the bending and the rotation angle. The sensor is interrogated in
transmission using a red LED (645 nm) and a CCD placed in front of the fiber end. The paper is
structured as follow: the first section is a brief presentation of the process used to fabricate the
polymer fiber and the result of the preliminary simulations of the mode confinement in the
obtained structure; the second section is concerned with presenting the experimental results
obtained using the fabricated fiber; the conclusion and the future development are commented in
the last section.

2. Fiber Fabrication and Simulation of the Sensor

The extrusion machine is presented schematically in Figure 1a. The two units (screw and heater
bands) interact together to convey the polymeric material, melt the material, and then push it
through the die. The screw rotates at a predetermined speed with the electric motor drive unit.
Temperature controllers are connected to heating/cooling elements on the heater bands to maintain
the temperature at the set-point temperatures. A custom shaping die was used to obtain a trilobal
shape. The polymer filament was cooled down and collected with a rotating spool. The pressure and
temperature of the material, as well as the temperature and velocity of the cooling process, influence
the crystallization process. The fabrication parameters were swept, and various samples were
fabricated and tested to find the set of parameters to minimize the optical losses. The facet of the
three lobes fiber was captured with a microscope (Figure 1b), processed and imported in Lumerical
software (Vancouver, BC, Canada). Simulation of the mode confinement was used to calculate the
electric field intensity of the lowest order modes. The modes guided in the straight and bent fiber
were computed. In Figure 1c is shown the electric field intensity of the lowest order fiber mode
simulated in the straight fiber.
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Figure 1. (a) Extrusion machineries and process presented schematically: screw velocity, cool down
temperature and velocity of the wind-up machine were optimized to find the best performance in
terms of optical losses. (b) Facet of the three lobes plastic optical fiber. (c) Electric field intensity of the
lowest order fiber mode simulated.

As observed in previous calculation and simulation on bent fibers, bending tended to distort
the fiber modes, and caused them to shift from the center of curvature [11]. It was possible to
simulate the mode field in the bent fibers with Lumerical software. The electric field intensity for the
lowest order modes and three direction of bending was simulated, in Figure 2 are shown the results.
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Figure 2. Electric field intensity of the two lowest order modes calculated in the imported three lobes
structure for bending with curvature center placed: on the upper side of the fiber (a); on the lower
side of the fiber (b); on the right side of the fiber (c).

3. Experimental Results

The simulations show that the modes guided in the bent trilobal fiber shift far from the center of
the curvature. A setup was used to interrogate the three lobes fiber in transmission. The POF was
fixed to a translational stage to bend and rotate it and observe how the light intensity change inside
the core. Sensors based on intensity variation represent one of the first detection schemes used in
optical fiber sensors. In terms of operating principle and instrumentation, it may be considered the
simplest method. In general, experimental setups include a light source, the optical fiber and a
photodetector or an optical spectrum analyzer. Commercially, several solutions for miniaturized
solid-state sources and photodetectors are available, allowing the design and development of robust
and portable acquisition systems. This is a suitable solution for engineering applications, where the
accuracy in the power signal measuring is not critical. The advantages of this measurement method
are the ease of implementation, good price/quality ratio and simplicity in signal processing [12]. The
plastic fiber was interrogated in transmission using an LED emitting at 645 nm (IF-E96 from
Industrial Fiberoptics, Tempe, AZ, USA), and a CCD camera (Figure 3).
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Figure 3. Schematic representation of the experimental setup.

The fiber was fixed in front of the camera and a bending was applied using a translational stage,
two images were captured before and after the bending and then compared using Matlab software.
In Figure 4 are reported four images obtained for bending orientation along x and y axis (black
arrows). A light intensity variation is clearly observable in the external part of the fiber, due to the
shift of the fiber modes due to the bending applied.

Figure 4. Images collected with the CCD camera after bending the three lobes plastic fiber, the black
arrows indicate the direction of the curvature applied.

The fiber was placed in a rotating clamp and rotated from 0° to 50° degrees with step of 10°
degrees (Figure 5). Intensity-based automatic image registration algorithm was used to retrieve the
rotation angle of the fiber through the images acquired with the camera. The obtained angles
retrieved from the images are reported in Figure 5, under the correspondent image.
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Figure 5. Image capture with the CCD camera of the POF with rotation. The circular asymmetry
permits to observe the rotation of the fiber core and retrieve the rotation angles (reported below)
using an intensity-based automatic image registration algorithm.

4. Conclusions and Future Development

In this work is presented the fabrication, simulation and experimental validation of a bending
and rotation sensor employing a three lobes plastic fiber. Extrusion and a custom shaping die were
employed to fabricate a PMMA filament. The extrusion process was optimized to reach as low
optical losses as possible. The modes guided in the obtained polymeric fiber were simulated using
Lumerical software. The electric field shift due to bending was also addressed with the simulations.
This shift was monitored, interrogating the fiber in transmission. The circular asymmetry of the
fabricated fiber permits to retrieve the direction of bending in space and the rotation angle,
processing the images with intensity-based image registration algorithm.
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