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Robust Two-Dimensional Pressure Sensing Mattress based on Optical Coupling
between Crossing Polymer Optical Fibres

Henrie van den Boom'”, Sebastiaan Overeem?3, Ton Koonen*

1 COBRA Institute, Eindhoven University of Technology, Eindhoven, The Netherlands
2 Sleep Medicine Centre Kempenhaeghe, Heeze, The Netherlands
% Dept. of Electrical Engineering, Eindhoven University of Technology, Eindhoven, The Netherlands

*Corresponding author: h.p.a.v.d.boom@tue.nl

Abstract: We present an innovative 2D pressure sensor for application below a mattress. It deploys a matrix of
plastic optical fibre crosspoints which is robust, sensitive, scalable, flexible, waterproof, EMI insensitive, and
only 3mm thick. Measurements show a nearly linear detection characteristic.

1. Introduction

Currently, people suffering from serious sleep disorders are monitored in special sleep clinics. Monitoring is
preferably done without affixing any wires to those persons, in order not to hamper them in their movements.
Moreover, when long-term monitoring in the home environment is desired, e.g. for bed-bound patients, a non-
contact and non-obtrusive measuring method is paramount [1-3]. Ambulatory sleep registration systems have
been developed, but are complex and limited to only 1 or 2 recording nights. There are many potential clinical
applications for technology that is easily applicable in the home environment for longer time periods. An
important sleep-related parameter pertains to nocturnal body position and its changes. Contactless position
sensing can typically be done in various ways, such as monitoring a person by means of a video camera, by
which his movements are registered and processed. This requires a clear view of the person at all times, and is
in the case of sleeping persons greatly hampered by blankets etc. Moreover, video monitoring in for example
the bedroom poses obvious issues with privacy etc.

In this paper, we describe a sensing method for detecting body positions which does not require any physical
connections to the objects/persons. It is based on sensing local pressures exerted by them on a surface, in which
we propose a 2-dimensional (2D) structure of interwoven plastic optical fibres. Within this structure, light
propagation behaviour is changed upon applied pressures, and by measuring these changes in correlation to the
position in the structure, the 2D pressure detection is done. E.g., by putting this structure inside or beneath a
mattress, the 2D movements of a person during his sleep can be monitored over time, without any influence on
the person’s sleep behaviour. Note also that the measurements are taken by changes in the optical propagation
characteristics of the structure, not by electrical fields. Thus these measurements are not influenced by any
disturbing RF electromagnetic fields (coming e.g. from local WiFi systems, or from electrical power supply
lines), nor are they generating electromagnetic fields themselves which e.g. could interfere with medical
monitoring equipment or with devices inside or near the person (such as heart pace makers, EEG sensors).

As mentioned before, polymer or plastic optical fibre (POF) is used for detecting pressure. POF is typically
made from PMMA. POF is commonly used for low-speed, short-distance optical data communication [4] and
is robust and flexible, and is insensitive for Electro Magnetic Interference (EMI). Compared with silica glass
optical fibres, due to their relatively large core diameters of about 1 mm POFs are robust and easy to handle,
and allow the use of low-precision connectors. Because of its bending-sensitive properties, augmented by its
ductility, POF can also be used for sensing [5]. Sensor systems based on detecting POF attenuation variations
when pressure or bending is applied have been reported [6-7], and commercial products based on this are
available [8].

A straightforward 2D position detection system based on only detecting attenuation in a POF is in principle not
possible. In a 2-dimensional grid of crossing POFs, with N POFs running in the x-direction and M POFs in the
y-direction, we have N x M crosspoints. If we measure the attenuation variation of each of the POFs in the x
and y directions, we have N + M loss measurement values. To calculate the pressure applied on each of the
crossing points, we need at least the same number of measurement values as the number of crosspoints. So with
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only attenuation detection we require N + M = N x M. This holds only for grids smaller than or equal to
2 x 2 and even the 2 x 2 grid is unsolvable.

So for 2D position detection we need another approach: we propose to measure the cross-coupling at each
crossing of the N x-direction POFs and the M y-direction POFs. This yields N x M values as a measure of the
local pressure at the crossings.

2-dimensional sensing module Optoelectronics
|
T VAN
«— Vertical Transmitting POFs H—, L Photo-
— / diode

Horizontal Receiving POFs \

N ] \
—__| Pressure sensitive \ '
| fibre crossings \ 1 1
e \ ' !

-------------- \ "

7 77 iz
IN— ’N~ ______________ LED/ Laserli

Figure 1. 2D position sensing system deploying a matrix of plastic optical fibre (POF) crosspoints.

Data acquisition and control

| Selector |
b4

2. Description of the 2D pressure sensing system

Figure 1 shows the principle of operation of our system based on monitoring the local pressure exerted per
crosspoint on a 2D structure embedded in a 2D surface, such as a mattress. The system consists of a 2D sensing
module, an optoelectronics module and a Data Acquisition and Control module. The 2D sensing module is
composed of a grid of POFs which form a matrix of crosspoints. The vertical, so-called transmitting fibres of
the POF grid are connected to LEDs or lasers and the horizontal receiving fibres to photodiodes of the
optoelectronics module. The LEDs or lasers are controlled and the measured data is processed by the Data
Acquisition and Control module.

The optical coupling between the POFs at the crosspoints is a function of the local pressure, so by detecting the
received optical power, the pressure on a crosspoint can be measured. Because the optical coupling effect
between transmitting and receiving fibres is very small, high-sensitivity optical receivers are needed, using
transimpedance amplifiers with high gain and a high input impedance. Sensitivity is increased further by
modulating each optical source with a low frequency carrier and applying highly-selective synchronous
detection, executed by multiplying the received amplified signal with the same carrier signal and low-pass
filtering the output.

To achieve a simple and scalable system, a crosspoint scanning method is implemented. The Data Acquisition
and Control module in figure 1 controls the Selector, which selects only one LED or laser at a time, and the
crossings are scanned column by column. Reading simultaneously the detector outputs line-by-line enables the
Data Acquisition and Control module to do the 2D pressure detection.

3. POF crosspoint

The proposed implementation of a single POF crosspoint is shown in figure 2. It is composed by two fibres
crossing each other at an angle (e.g. 90 degrees, as sketched in figure 2; other angles are also usable). The core
and the cladding are made of a polymer, typically PMMA (poly-methyl metacrylate) which is transparent for
light in the visible spectrum (400-700nm). Light is injected in the transmitting fibre. It is guided within the core
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of the fibre, and the cladding is surrounded by a soft thin transparent primary coating, and subsequently by a
hard protective in-transparent secondary coating. At the crossing, the secondary coating of both fibres is locally
removed, which enables the fibres to make physical contact by the primary coating. When some light is forced
to leave the core, e.g. by slightly deforming this core, this light can move into the cladding and into the primary
coating. By touching the other fibre and the scattering experienced in the soft primary coating, this light may
then transition into the primary coating of the other fibre (the receiving fibre), and via the cladding get into the
core of that fibre. In order to further enhance the coupling of light which has escaped from the transmission fibre
into the receiving fibre, a reflective structure (such as a reflective aluminium foil) was added locally at the
crosspoint, as shown in figure 2. Thus in a single crosspoint which is only 3mm thick, some light gets from the
transmitting fibre into the receiving fibre, upon the exertion of some force onto the crosspoint.

. Pressure
Reflective

aluminium foil
Soft mode stripping

primary coating

POF core Reflective N

POF cladding aluminium foil Hard protective

secondary coating

Figure 2. Single POF-based pressure-sensitive crosspoint.

4, Measurement results

The characteristics of a single crosspoint based on graded-index POF (GI-POF) have been measured by loading
the crosspoint with some external weight; the measurement setup is shown in figure 3. A 650nm wavelength
semiconductor laser with output power of 1.4AmW (1.46dBm) is modulated with a square wave signal at 270Hz.
At the receiver side, a shielded silicon photodiode is directly connected to an EG&G Brookdeal 5206 Lock-in
amplifier with an input impedance of 100MQ, which performs the amplification and synchronous detection
operations. Figure 4 shows the voltage of the lock-in amplifier measured selectively as a function of the applied
weight. A weight of 100g can already be detected. This measured signal shows a clear reproducible and nearly
linear relation to the weight pressure on the crosspoint. Moreover, the characteristic can be linearised by

software.
Optical Power Meter
’ Weight

Lock-in amplifier
GI-POF
1

Weight
Photodiode I
2 ’ Weight

3

@ PH— Laser

Figure 3. Measuring the pressure sensing characteristics of a single GI-POF crosspoint.

Generator

The optical output power of the transmission fibre after the crosspoints is monitored by an optical power meter,
see figure 3. Loading all 3 crosspoints with a weight of 1kg introduces an optical power degradation smaller
than 1%, so there is no significant influence of weight pressure of crosspoint 2 and 3 (see figure 3) on the
measured result of figure 4. This indicates that this method is suitable for large matrices with many crosspoints.
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Figure 4. Output voltage at lock-in amplifier, versus exerted pressure on the crosspoint.

As an example we calculate the optical power detected by the photodiode in case of an exerted weight of 100g.
The measured voltage of the lock-in amplifier at a weight of 100g is 0.01mV as shown in figure 4. The input
impedance of the lock-in amplifier is 100MQ, so the photodiode current is 10°:*A. The responsivity of the silicon
photodiode at the wavelength of 650 nm is 0.4A/W, so the received optical power is 40fW or -104dBm and the
optical power ratio between photodiode input power and laser output power is -105.46dB.

Conclusions

This paper proposes an optical method to perform 2-dimensional pressure sensing, based on measuring the cross-
coupling between POFs arranged in a 2-dimensional structure composed of slightly deformable crosspoints.
This sensing method is robust, flexible and waterproof because of the use of POF, is readily scalable because N
detectors plus M sources create N X M sensor points, is not affected by external electrical fields, nor does it
generate any electrical fields, and is only 3mm thick. Measurements show a sensitive and nearly linear detection
characteristic.

Many application fields can be foreseen. As stated, one particular application is in sleep medicine. Long-term
at-home monitoring of sleep-related movements would be an important addition to the arsenal of diagnostic
methods. E.g., it may enable the long-term assessment of sleep-related breathing disorders such as sleep apnea
which are often body-position dependent. The device would enable confident monitoring of outcome of therapy
aiming at changing body position in sleep. It may have diagnostic application for parasomnias such as sleep
walking; and for the detection of hampered sleep-related movements in prevalent disorders such as Parkinson’s
disease. Due to its compact flexible size, it can remain unnoticed by the person/object to be monitored.
Moreover, it uses readily available components. First proofs of feasibility showed encouraging results.
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Abstract: Structural Health Monitoring (SHM) is a damage detection and control strategy applied to large
dimension structures, as dams buildings or bridges, but also to vehicles, as airplanes, where carrying sensors
allows the monitoring of the structural health along operation.

In this work we propose and demonstrate, the application of a distributed optical sensor, suitable for SHM,
based on polymer optical fibres (POF) and on the speckle pattern to access and evaluate the damage imposed
to structures. As the speckle pattern obtained at the fibre output is sensitive to the disturbances along the fibre,
the sensing of the measurand is possible with a suitable processing stage of the speckle pattern.

1. Introduction

The structural health is directly related with the performance of the structures and is very important to ensure a
safe operation [1]. Structural health monitoring (SHM) of structures has a lot of definitions, however it could
intuitively be defined as the diagnosis and prognosis of the structure ability to function properly and maintain
their structural integrity throughout its life.

For aircraft structures, it is known that structural degradation caused by aging of materials, due to the
environment (fatigue, corrosion, etc.) or even due to unforeseen external events (impacts, earthquakes) is
inevitable. So, it is important to take special precautions for aircrafts operating close to or beyond the end of
their life cycle when a significant increase of structural defects may occur [2], [3]. For example, in 2000 more
than 75 % of the United States Air Force (USAF) aircrafts had more than 25 years [1].

Thus to ensure a safe operation is essential to conduct periodic inspections and, if necessary replace damaged
components by unpredictable failures (which cannot be completely eliminated). In the case of a SHM system,
the inspections are conducted using non-destructive techniques (visual inspection, radiography, ultrasound,
eddy currents, etc.) to provide information of the structure condition, so that an integrity evaluation could be
performed and if necessary carrying out repairs in a timely manner [3].

Future tendency will be to complement or replace inspections by continuous structural health monitoring using
on-board systems (implemented within the aircraft) increasing security and confidence in the systems and
reducing the periodic inspection cycles, eliminating the costs of unplanned maintenance on new aircrafts and
ensure greater longevity of the components [2], [4].

Recently different technologies based on sensor networks using optical fibers emerged. These economically
attractive technologies have a great potential since they ensure continuous monitoring, don’t require extensive
maintenance, improve performance and safety of the aircraft and extend the lifetime of structures [1].

A recent study on the requirements of a fighter aircraft inspection (in terms of metallic and composite
structures) show that more than 40% of inspection time could be saved if on-board intelligent monitoring
systems were used. Such systems may be composed by an assembly of sensors, actuators and signal processors
that are able to respond and adapt to changes in their environment [1].
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In addition, it is noticed that some researchers assume that more than 20% of the cost of a transport aircraft
maintenance/inspection (civil or military) may be saved, when using integrated damage monitoring systems

[1].
2. Speckle Pattern

When the beam of a continuous wave laser (laser CW) focuses on a rough surface (with roughness greater than
the radiation wavelength) the components of the light scattered by independent areas of the surface get
different phases relative to the incident wave phase. The phase shift of these waves (still coherent) results in
the interference (constructively or destructively) along space, generating a statistical distribution, the granular
speckle pattern. Therefore, this granular pattern observable in an area, consists on a set of bright spots where
the interference is constructive and black spots where the interference is destructive [5], [6]. In Figure 1 it is
possible to observe a typical speckle pattern experimentally obtained in this work.

Figure 1. Typical speckle pattern

The speckle patterns can also be obtained using multimode (MM) optical fibers like POFs MM. This happens
due to interference between the different coherent modes propagating in the guide with different phase
velocities [7], [8].

Consequently, if the fiber is disturbed due to external factors, such as temperature, pressure, or vibration, the
intensity distribution pattern in the fiber output, which is the aggregation of all individual propagating mode
fields, changes immediately.

2.1. Speckle Intensity in POF

The total intensity of the speckle pattern measured at the optical fiber output is approximately constant and
when the fiber is exposed to a disturbance is given by:

IL' = Al{l + Bi [COSSI' - F(t)qbisen&-]} (1)

where 4; is the result of mode self-interaction, B; account for the steady state mode-mode interaction, F(z) is
the external disturbance, and ¢; is the phase [7].

When the system is disturbed, the mode-mode interaction term is modified by ¢;. 4;, B; and §; which are
constant values for any given ith speckle. The speckle pattern can be seen as an interference matrix under the
same perturbation for each i. Therefore, when the conditions of the fiber change, either due to temperature,
pressure or displacement, the speckle pattern is also changed. Thus, with the analysis of the obtained image

Key Words: POF, SHM, Speckle
Preferred presentation method: Oral

Aston University, Birmingham, UK 13-15September 2016



The 25th International Conference on Plastic Optical Fibers (POF2016)

and its evolution is possible to find the disturbance which affect the fiber and its characteristics. Therefore, the
implementation of this method as a vibration sensor may be possible by placing a small length of multimode
fiber at the desired location [7].

2.2 Correlation Processing Method

When a fiber suffers stress, the induced deformation changes the optical paths lengths of each propagating
mode differently and therefore the speckle patterns are changed accordingly. These changes can be detected by
comparing the reference pattern with the resulting pattern after deformation [7].

Thus, the correlation parameter is obtained between the reference speckle pattern and the different images
speckle representatives of disturbance variations. So, the correlation values represent the values of the
perturbation. A good comparison between the patterns can be accomplished using a spatial correlation between
them. The intensity distribution of the speckle patterns before the perturbation I;(x,y) and after the
perturbation I, (x,y) are compared by measuring the coefficient of correlation between these signals:

_ {14 (o) 15 (6,y)) =(1; e, y) KR (x,9)) )
V{1 0ey))2 =1 (e, ))2) 2 x (I (x,9))2 =1 (x,))?) 2

where the angle brackets mean averaging over the spatial coordinates x and y. The correlation coefficient takes
the value one if the intensity distribution of speckle pattern I,(x,y) is equal to I;(x,y) and it gradually
decreases with the changes in the speckle pattern [7].

3. Optical Sensor Application

The implemented sensor comprises a semiconductor laser (Roithner - LDM650/3LJ), peaking at 650 nm with
an optical power of 3 mW. The optical signal is injected in a POF (4dvago Technologies — HFBR-RUS100Z)
with a length of 2.25 m. After propagation the output optical signal is projected in a semi opacity film and the
speckle image acquired by the video camera.

The speckle detection is achieved with a Raspberry Pi camera (Raspicam) with 5 megapixel resolution and a
frame rate of 30 Hz. The Raspicam is attached to a Raspberry Pi 1 Model B (RPI) responsible for signal
processing. However, since the RPI has low processing capacity, we choose to perform all processing on a
computer with the use of Matlab software.

To get clearer and perceptible speckle patterns with more contours is necessary to change some image
acquisition settings, such as increasing the contrast, brightness and sharpness and decrease the saturation.
Increasing the shutter speed and ISO sensitivity, decreases saturation and also increases the detection of
contours and the sensitivity to mechanical vibration. Furthermore all automatic effects need to be disabled [9].

To ensure continuous monitoring of structural health is necessary to continuously record the speckle patterns
transmitted by the POF output. These videos will then be separated and analyzed frame by frame using three
different methods to identify the disturbances in the POF.

Therefore, the first method performs the correlation of the current frame with the previous one, the second
method performs a correlation of the current frame with a reference one (usually the first) and the third method
calculates the average intensity of each of the video frames.

4. Results

Despite the fact that is necessary to continuously record the speckle patterns to ensure continuous structural
health monitoring, for experimental purposes there are recorded short videos of 20 seconds to assure faster
signal processing.
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For illustrative proposes we presented the test with a negative movement of 3.75 cm occurring at 7 seconds. It
is noticed that at the beginning of every test the POF is static. For the speckle analyses several methods were
applied: i) correlation between each frame and the previously one; ii) correlation between each frame and the
initial one and iii) total frame intensity. It was also considered the local derivative for the described methods.

In Figure 2 we can observe the perturbation results using the described methods. We can see that correlation
value is constant (almost 1 when the frames are most correlated) when the POF is static. Then, we observe a
correlation value decrease at the instant of perturbation (approximately at 7 seconds). After that instant the
correlation value tends to re-stabilize around 1. The occurrence of perturbations is easily observed in the
derivative graph, but the values tend to 0 when the POF is static.

Using the second method we also get excellent results, however challenging to analyze. This difficulty can be
overcome using the derivative as shown in Figure 2 (middle).

140 4

Correlation Value
Correlation Value
Intensity Value

Time (s) Time (s) Time (s)

Derivative Value
Derivative Value
Derivative Value

G008 T T T T T T T ) T T T T T T T T T d + T T T T T T T T T )
o 2 4 o 8 10 12 14 16 18 20 o 2 4 €& 8 1 12 14 18 18 20 o 2 4 e s 10 12 14 18 18 20

Time (s) Time (s) Time (s)

Figure 21 — Results with a negative perturbation of 3.75 cm using the correlation between the current frame and the
previous one(left), the correlation of the current frame with the reference one (middle) and the average intensity of frames

(right).

Through any of the different testing analysis performed, an easy identification of the occurrence of
perturbations was possible, however only the third method (which calculates the intensity of each frame)
allowed the estimation of the perturbation amplitude, that is the value of the average intensity of the frame,
which gets higher if the amplitude perturbation increases.

5. Conclusion

From the results described in the previous section it was possible to conclude that the optical sensor
implemented in this work is low-cost, relatively simple and feasible, with great potential applicability,
demonstrating a great ease of identifying isolated or periodic perturbations caused by movement of the fiber or
impacts in adjacent areas.

It is estimated that the method that calculates the average intensity of frames is the best method to identify
perturbations, allowing an easily identification of disturbances and to estimate the perturbation amplitude. It is
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worth noting that, although a frame rate of 30 Hz was used, it has the advantage of significantly higher image
processing speeds.

Correlation tests are also excellent methods for detecting perturbations, however in case of the correlation of
the current frame with the initial one, only the results obtained by the derivative are easily interpretable.
Nonetheless, this method has the advantage presenting low noise signals even without filtering.

These results demonstrated the possibility to use the speckle patterns to monitor the deformation along an
infrastructure or an aircraft using a low cost solution.
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Abstract: The strain-temperature cross effect on the Brillouin scattering properties in plastic optical fibers
(POFs) is investigated. By measuring the Brillouin gain spectrum (BGS) dependence on strain at different
temperatures, first, we show that the strain-dependence coefficient of the Brillouin frequency shift (BFS) is
dependent on temperature; in the strain ranges of approximately 0-1.2% and 2-9%, the temperature
dependence is linear with a coefficient of 1.5 MHz/%/°C and —0.4 MHz/%/°C, respectively. This result
indicates that the strain sensitivity is degraded at higher temperature, and that temperature compensation i
required to correctly detect the strain magnitude in POF-based Brillouin sensing. In addition, we show that
temperature sensing with no sensitivity to strain can be potentially implemented by using POFs pre-strained
for >13%. The height of the BGS is also evaluated.

1. Introduction

Fiberoptic strain and temperature sensing techniques have been extensively studied and used in many
application fields including structural health monitoring. Among various types of fiber-optic sensors, those
exploiting Brillouin scattering have attracted a great deal of attention owing to their capability of completely
distributed measurement based on frequency informatiefl].[ Their sensor heads were conventionally
composd of glass optical fibers, which are easily broken when a strain of only ~3% is applied. To extend the
measurable maximal strain, recently, plastic optical fibers (POFs) have been vigorously studied as alternatives
for the glass fibers because POFs are generally so flexible that they can withstand strains di>B0)9% [

Brillouin scattering in POFs was first observed in 201, [and since then its properties have been evaluated
from a variety of aspects. For instance, the Brillouin frequency shift (BFS) dependences on strain (relatively
small strain 11] and large strainl2]) and temperature (relatively narrow randé][and wide rangel3]) have

been tarified to be much different from those in silica glass fibers. Other unique features of Brillouin scattering
in POFs, such as the BFS hopping phenomebdrahd the strain and thermal memory functic2@-p2], have

also leen investigated, and distributed strain and temperature measurements have been recently demonstrate:
[15-17]. However, no reports have been provided regarding tbes effect of strain and temperature on
Brillouin scattering properties in POFs. As these two parameters generally change simultaneously in practical
applications, clarification of this effect is of crucial importance. Although in the case of standard silica single-
mode fibers (SMFs), the cross effect has been shown to be negligibly small in the temperature range from 35 tc
83 °C R3], it does not necessarily hold true for the POFs witlueh lower glass-transition temperature.

In this work, we investigate the strain-temperature cross effect on the Brillouin scattering properties (BFS and the
height of the Brillouin gain spectrum (BGS)) in POFs. Specifically, we measure the BGS dependence on strain at
different temperatures. First, we prove that the strain-dependence coefficient of the BFS is linearly dependent or
temperature with a coefficient of 1.5 MHz/%/°C for strains of <1.2% and —0.4 MHz/%/°C for strains ranging
from ~2 to ~9%, indicating that the strain sensitivity is deteriorated at higher temperature. We then show that by
using POFs pre-strained for >13%, temperature sensors with no strain sensitivity can be potentially implemented.
In addition, the height of the BGS is found to slightly decrease with increasing strain at lower temperatures,
while it is almost constant at higher temperatures.

2. Principle

Incident light into an optical fiber interacts with acoustic phonons and generates backscattered light
accompanying a frequency downshift of several gigahertz (called BFS). This phenomenon is Brillouin scattering
[24], and the spectrum of the backscattered light is knaBGS. The BFS is expressed HyJ4,25]
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constantly =121 MHz/%)1[1]. In the meantime, the BFS
depenénce on temperature in PFGI-POFs is reported to be monotonic but not completely linear (in the limited
temperature range from —160 to 80 °C at 0% strain, the coefficient is constantly —3.2 MH3/°C) [

3. Experimental setup

We used ~440-mm-long PFGI-POF samples with a core diameteroh58 cladding diameter of 40m, an
overcladding diameter of 490n, a core refractive index of ~1.35, and a propagation loss of ~250 dB/km at 1.55
um. The experimental setup for measuring the BGS dependence on strain at different temperatures is depicted i
Fig. 1. A Fresnel-assisted self-heterodyne technique was &xploiacquire the BGS with a high signal-to-noise

ratio (SNR) B€]. First, continuous-wave output from a laser diode (Lthwa central wavelength of 1.56n

and a bandwidth of ~1 MHz was guided to a polarization scrambler (PSCR) to randomize its polarization state
and thus to suppress the polarization-dependent fluctuations of the signal. The light was then boosted to 30 dBn
using an erbium-doped fiber amplifier (EDFA), and via an optical circulator, injected into a POF sample fixed on
an automatic translation stage in a thermo-static chamber. Both ends of the POF were polished with an angle (8°
and one of the ends was connected to a silica SMF (pigtail of the circulator) using butt cdfilitrai§, the
Fresnéreflection at the open end of the POF was suppressed. The Brillouin-scattered light from the POF, along
with the Fresnel-reflected light from the SMF-to-POF boundary, was amplified again to a total power of
approximately —4.5 dBm using another EDFA, the amplified spontaneous emission noise of which was
suppressed by an optical band-pass filter (BPF). The light was then guided to a photo detector (PD), which
generated an electrical Brillouin signal because of the beating between the Brillouin-scattered light and the
Fresnel-reflected light. The Brillouin signal was amplified by 20 dB, observed as a BGS using an electrical
spectrum analyser (ESA), and sent to a computer for data processing. The BGS was fitted with a Lorentzian
curve [10,13] and the relevant parameters (BFS, peak power, and fhoisg were extracted. By changing the

strain from 0 to 16%, the strain dependences of each parameter were measured. Furthermore, this procedure w.
repeated at different temperatures of 32, 40, 51, and 60 °C, an 2800

Fresnel-reflected light

temperature dependences of the strain-dependent coefficients of oo b B
parameter were derived. S :51°C
2720 b A :60°C

4. Experimental results oy 1% PRI
S 2680 = S

Figure2 shows the BFS dependence on strain measured at 32, 4 9 re T e

and 60 °C. Irespective of the temperature, with increasing strain = ** % %, "
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~13% strains), and finally became constant (for >13% strains). g0 b w0

behaviour has already been reported at room temperafiire [ 0 2 4 6 8 1012 14 16

. . Strain [%]
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linear, and its dependence coefficients was plotted as a functic Fig. 2. BFS dependence on strain
temperature (Fig3(a)). The strain-dependence coefficient was showr measure at four different temperatis.
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temperature. (d) Temperature dependence of the BFS (averaged in the strain range from 13 to 16%).
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be linearly dependent on temperature with a coefficient of 1.5 MHz/%/°C. This indicates that the absolute value of the
strain-dependence coefficient (negative value) becomes smaller with increasing temperature, resulting in the
deterioration of the strain sensitivity at higher temperature. Therefore, we newly clarified that temperature compensatior
is necessary to correctly detect the strain magnitude using POF-based Brillouin sensors, especially at higher temperatu
Note that the temperature compensation is not required when standard silica SMFs are used at lower #8n 83 °C [

In Fig. 2, by exploiting the BFS dependence on strain in the rémge ~2 to ~9%, strain sensing with a wider

strain dynamic range appears feasible. In that case, we need to apply ~2% strain beforehand. The strain
dependence coefficient in this range was then plotted as a function of temperat@®)Fighe coefficient (or

the stain sensitivity) decreased with the slope of —0.4 MHz/%/°C as increasing temperature, indicating that the
temperature compensation of the coefficient is also required in BFS-based strain sensing in this strain range. Th
absolute values of the coefficients in this range was, regardless of the temperature, <1/5 of those for 0—1.2%
strains, resulting in a lower strain sensitivity.

Subsequently, the critical strain at which the BFS became almost constant was plotted as a function of temperatur
(Fig. 3(c)). Such critical strains were calculated as the intioseaf 1) the regression line of the strain dependence

of the BFS in the range from ~2 to ~9% and 2) the horizontal line indicating the BFS value averaged for >13%
strains. The dependence on temperature exhibited a monotonic increase with a roughly linear coefficient of
0.11 %/°C. This result indicates that the strain dynamic range of strain sensing (which exploits the BFS dependenct
in the range from ~2 to ~9%) is widened at higher temperatures, which is in a trade-off relation with the strain
sensitivity (refer to the preceding paragraph). Besides, as the critical strain corresponds to the strain at which the PO
partially starts to slim downlf], this temperature dependence may explain the reasonthigyslim-down
phenomenon does not occur in the case of POF tapering performed at high temp&r&&jre [

As mentioned above, the BFS became almost constant fossifa13%. The temperature dependence of the
BFS (averaged in the range from 13 to 16%) is shown in3fiy. The BFS monotonically decreased with
increasing temperature, and the rough linear approximation led to a coefficient of —-1.8 MHz/°C. By using
POFs pre-strained for >13%, temperature sensors with no sensitivity to strain appears to be implementable.

Finally, Fig.4 shows the strain dependence of the change in the B@I heasured at 32, 40, 51, and 60°C.
Here the BGS height was defined as the difference between the peak power and the noise floor. At 32 anc
40 °C, the BGS height slightly decreased with increasing strain, and ite

change reached approximately —1 dB at ~16% strain. The slopes of the z

dependences for >8% strains measured at 32 °C and 40 °C ; .
approximately —0.14 dB/% and —-0.12 dB/%, respectively. In contrast, v & Bl il s 2
the temperature was higher than 51 °C, the BGS height was almost cor 8 £ #5850 | . .
Thus, strain sensing using the BGS height, which can be potentially us = "'.”j3zoc R
implement simultaneous strain and temperature send@gappears difficult & -1 | :40°c T,
at >51°C (athough the SNR is insufficient even at <40 °C at present). CI e

5. Conclusion ’ 0 2 4 6 8 1012 14 16

We fully investigated the BGS dependence on strain at different tempere —

in POFs. First, the strain-dependence coefficient of the BFS was shown Fig. 4. Strain dependence of

linearly dependent on temperature with a coefficient of 1.5 MHz/%/°C the BGS hight measured at
four different temperatus.
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strains of <1.2% and —0.4 MHz/%/°C for strains ranging from ~2 to ~9%, which indicated the degradation of
the strain sensitivity at higher temperature. The absolute value of the strain coefficient in the strain range from
~2 to ~9% was then found to be smaller than 1/5 of that for <1.2% strains at the same temperature, which was
in a trade-off relation with the strain dynamic range. In addition, temperature sensing insusceptible to strain
was shown to be potentially feasible by using POFs pre-strained for >13%. We also found that the BGS height
slightly decreased with increasing strain at lower temperatures, while it was almost constant at higher
temperatures. The most important finding is that temperature compensation needs to be performed to correctly
detect the strain magnitude in POF-based Brillouin sensing, especially at higher temperature. We hope thai
this paper will be an important archive in developing distributed strain and temperature sensors based on
Brillouin scattering in POFs.
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Abstract: Although the proof of concept of slope-assisted (SA-) Brillouin optical correlation-domain
reflectometry (BOCDR) has been demonstrated using silica single-mode optical fibers (SMFs), no reports have
been provided on how the performance is affected by use of plastic optical fibers (POFs). In this work, we
demonstrate distributed strain and temperature measurements based on SA-BOCDR using POFs. Unlike SMF-
based SA-BOCDR, due to the high propagation loss of the POFs, the measurement sensitivity is found to be a
function of the sensing location in the POF. We investigate this effect both theoretically and experimentally and
present a compensation method for correct distributed measurements along POFs.

1. Introduction

Distributed fiber-optic strain and temperature sensing based on Brillouin scattering [1] has attracted considerable
attention for the past several decades as a promising technique for health monitoring of civil structures and
materials. A variety of measurement schemes have been developed to acquire the distributed information of
Brillouin gain spectrum (BGS), including Brillouin optical time-domain reflectometry (BOTDR) [2,3], Brillouin
optical time-domain analysis (BOTDA) [4-6], Brillouin optical frequency-domain analysis (BOFDA) [7],
Brillouin optical correlation-domain analysis (BOCDA) [8-10], and Brillouin optical correlation-domain
reflectometry (BOCDR) [11-19]. Among them, BOCDR is the only technique with single-end accessibility and
high spatial resolution.

Since the basic system of BOCDR was first proposed in 2008 [11], numerous configurations have been
implemented to improve the performance [12-15]. For instance, the measurement range was elongated by
temporal gating [12] and double modulation [13]; millimeter-order spatial resolutions were achieved by
employing a tellurite glass fiber [14] and by apodization [15]; the strain dynamic range was extended by using
polymer optical fibers [16-18]. In addition, one of the latest breakthroughs is phase-detection-based BOCDR
[19], which enables a high sampling rate of >100 kHz per point. As another high-speed configuration, motivated
by the previous implementations in time domain [20,21], we have recently developed slope-assisted (SA-)
BOCDR [22], in which the spectral power of the BGS is exploited to deduce the Brillouin frequency shift (BFS).
This configuration potentially enables higher-speed operation than the phase-detection-based method, and
besides not only strain and temperature change but also optical loss can be detected if necessary. The proof of
concept of SA-BOCDR has already been demonstrated [22, 23].

To date, only silica single-mode fibers (SMFs) have been used for the sensor heads of SA-BOCDR, but they are
quite fragile and cannot withstand strains of over ~3%. One attractive solution to this problem is to make use of
plastic optical fibers (POFs), which have such a high flexibility that they can withstand large strains of several
tens of percent. Previous experimental studies on Brillouin scattering in POFs [16—-18] have revealed its potential
applicability to large-strain sensing [16] and to high-precision temperature sensing with less sensitivity to strain
[17]. We have also demonstrated POF-based BOCDR operation, and a 10-cm-long heated section of a 1.3-m-
long POF was successfully detected with a theoretical spatial resolution of 7.4 cm and a sampling rate of 3.3 Hz
per measured point (corresponding to a measurement time of ~1 minute, if the number of measured points is
200) [18]. However, the use of POFs in power-based SA-BOCDR cannot be regarded as a simple extension of
that in standard BFS-based BOCDR, because the high propagation loss of the POFs will greatly influence the
performance.

In this work, first, we characterize the performance of SA-BOCDR using a POF and show both theoretically
and experimentally that the measurement sensitivity is dependent on the sensing location in the POF. We then
demonstrate a basic distributed measurement of strain and temperature along a POF with a spatial resolution of
96 cm and a sampling rate of 100 Hz.
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2. Principle and experimental setup

In general, fiber-optic distributed Brillouin Strain FUT
sensors operate based on the BFS =
dependences on strain and temperature [1]. Tnmifrfmu‘--

As mentioned above, BOCDR is the only
technique  with  intrinsic  single-end
accessibility and relatively high spatial
resolution, and it resolves the sensing
locations by a so-called correlation peak Vo

[11], which can be generated in the fiber Position Position
under test (FUT) by sinusoidal frequency @ (b)
modulation of the laser output. The location
of the correlation peak can be scanned along
the FUT by sweeping the modulation
frequency fm, and thus distributed BFS
measurement  becomes  feasible.  As
sinusoidal frequency modulation results in
the periodical generation of multiple
correlation peaks along the FUT, their interval determines the measurement range dm as [24]

d =%, 1)

Power

Power

Fig. 1 (a) Schematics of the operating principle of the slope-
assisted Brillouin optical correlation-domain reflectometry (SA-
BOCDR). (b) Power-change distributions along the fiber under test
(FUT); with (solid curve) and without (dotted line) partial strain
and heat.

where c is the velocity of light in vacuum, and n is the core refractive index. When fn, is lower than the Brillouin
bandwidth Avs, the spatial resolution Az is given by [24]
- CAvy @
270t Af )

where Af is the modulation amplitude of the optical frequency.

In conventional BOCDR, the BFS at one sensing position is derived as a peak frequency after the acquisition of
the whole BGS [11, 24]; while in SA-BOCDR, it is obtained using the spectral power change at a fixed frequency
by exploiting its one-to-one correspondence to the BFS (Fig. 1) [22]. Consequently, the BFS distribution along
the FUT is obtained as power-change distribution in SA-BOCDR. The measurement range and the spatial
resolution are given by the same equations as those for standard BOCDR (Egs. (1) and (2)). Note that with this
scheme, loss points can also be detected in a distributed manner and that the sampling rate can potentially be
drastically enhanced (refer to Ref. 18 for the detailed operating principle of SA-BOCDR).

The experimental setup of the POF-based SA-BOCDR, depicted in Fig. 2, is basically the same as that of the
silica-based SA-BOCDR. The output of a laser at 1.55 um was divided into two light beams, pump and reference.
The pump light was injected into the FUT after amplification to ~25 dB using erbium-doped fiber amplifier
(EDFA), and the reference light was amplified
to ~2 dB after passing through the ~1-km-long

Pump

delay fiber. The backscattered Stokes light was
amplified to ~1 dB and heterodyned with the
reference light. As an FUT, we employed a
15.0-m-long PFGI-POF with a core diameter
of 50 um, a core refractive index of ~1.35, and
a propagation loss of 250 dB/km at 1.55 pm.
The modulation frequency f, and amplitude Af
were set to 6.15-6.33 MHz and 0.6 GHz,
respectively, corresponding to the
measurement range of 18.1 m and the
theoretical spatial resolution of 0.96 m
according to Egs. (1) and (2). The repetition

N
L~
EDFA

Reference

FUT
Stokes

Fig. 2 Experimental setup for POF-based SA-BOCDR. EDFA,
erbium-doped fiber amplifier; ESA, electrical spectrum analyser;
OSC, oscilloscope; PC, polarization controller; PD, photo diode.
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Fig. 3 Power distributions along the POF.
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rate was set to 100 Hz, and 128 times averaging was
. . . 2-3 M,

performed on the oscilloscope to improve a signal-to-
noise ratio. The room temperature was 25 °C. __ 7564

3. Experimental results E

. S B, -75.77
Figure 3 shows the measured power distributions =
(without noise floor compensation [22]) along the 15.0- g
m-long POF using SA-BOCDR. Unlike silica-based g
SA-BOCDR, where this trend shows almost constant
regardless of the position, the power first increased, and 76.03 . . . . .

then gradually decreased. The initial increase is caused
by the correlation peak starting to enter the FUT. The
subsequent decrease is because of the high propagation
loss in the POF.

Next, the BGS distribution along the POF was
measured using a standard BOCDR (Fig. 4). The peak
power of the BGS gradually decreased with light
propagation, which also induces the reduction of its
spectral slope. By analysing the spectral slope precisely,
we can derive the theoretical strain/temperature
sensitivity as a function of the sensing position (this will
be used as theoretical trends in the next paragraph).

10 20 30 40 50 60 70
Temperature [°C]

Fig. 5 Spectral powers plotted as functions of
temperature; measured at four sections in the POF.

0.0075 |

0.0050 | "

Figure 5 shows the measured spectral powers plotted as 00025

functions of temperature, when 1-m-long sections (four
sections; 2-3, 5-6, 8-9, 11-12 m distant from the

proximal POF end) were heated. The measured data
were in good agreement with the theoretical trends
(indicated by dotted lines). The spectral powers were

Temperature sensitivity [dB/°C]

0.0000

0 5 10 15
Relative position [m]

almost linearly dependent on temperature, and their
coefficients were found to decrease with increasing
relative position. The temperature sensitivity plotted as
a function of the position (Fig. 6) gives the slope of -0.0005 dB/°C/m (= -0.0202 dB/%/m for strain). By using
this value for compensation, the measured power distributions along a POF can be converted into correct
strain/temperature distributions.

Fig. 6 Temperature sensitivity plotted as a function
of position.

Finally, we demonstrated a distributed strain and temperature measurement along a POF using SA-BOCDR.
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The structure of the POF is depicted in Fig. 7(a). Two
1-m-long sections were strained by 1 % and heated to
60 °C. The measured power-change distribution, shown
in Fig. 7(b), agrees adequately well with the theoretical
trend considering the sensitivity dependence on position
and the trapezoidal effect [23]. Thus, the applied strain
and temperature change were correctly detected. More
detailed discussion on the measurement accuracy etc.
will be provided at the conference.

4. Conclusion

We investigated the performance of SA-BOCDR using
POFs. The measurement sensitivity was shown to be
dependent on the sensing location in the POF. The
dependence coefficients were -0.0005 dB/%/m for
strain and -0.0202 dB/°C/m for temperature. By
compensating  this influence, we successfully
demonstrated a distributed strain and temperature
measurement along a POF. We believe that POF-based

Power change [dB]

15 .
Unit: [m]
(a)
0.3
0.2 &
\
Y 7
0.1 B [
1 4 ‘\
0.0 I, ww 4} A J Noez-A An- A
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(b)

Fig. 7 (a) Structure of the sensing fiber for the final
demonstration. (b) Power-change distributions along
the sensina fiber.

SA-BOCDR will provide conventional silica-SMF-based SA-BOCDR systems with various advantages, such
as high flexibility, high temperature sensitivity, and the strain and thermal memory effects.
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Abstract: In this work we propose and demonstrate the development of an optical 2D accelerometer based on
plastic optical fiber array using image detection for data analysis. The design is based in a light emitting diode
coupled to a single POF working as a cantilever with an attached inertial mass. The output optical signal at the
cantilever fiber is projected into a fiber array and acquired using a webcam. The use of image processing
analysis allows the integration of the signal intensity in each fiber core and the estimation of the applied
acceleration.

Key Words: Plastic Optical Fibers, Structural Health Monitoring, Low-Cost Optical Accelerometers, Image
Processing Analysis.

1. Introduction

Optical accelerometers have proven to be key elements in several applications, such as Structural Health
Monitoring (SHM), physiological monitoring, health related research and Cyber Physical Systems (CFS). The
massive use of optical accelerometers for these applications requires the incessant development of low cost
solutions. This particular type of accelerometers were significantly researched on the latest decades, presenting
several advantages compared to other kind of sensors like the insensitivity to electromagnetic interference,
electric isolation, reduced dimensions, minimal ambient impact, resistance to corrosion and high values of
signal-to-noise ratio [1].

In the last 20 years, many research teams have reported a great variety of solutions and alternative approaches
for the implementation of optical accelerometers. This specific type of accelerometers can be implemented
using various methods such as intensiometric and polarimetric sensors, fiber Bragg gratings (FBG), and Fabry-
Perot an interferometric principle based sensor. Each one of these sub-types has its own specific advantages
over one another and are used according to their own area of applications [2].

Although FBG sensors seem to be one of the best options for nowadays applications, there are also some
drawbacks using this technology, like the high costs of its implementation and the limitations in size reduction
of its physical proportions [1].

Intensiometric accelerometers were one of the earliest developed types of optical fiber sensors and one of the
most basic and direct kinds as well [2]. Its sensing principle is based on the measured levels of intensity of the
optical signal at the fibers output, as its measured quantity is modulated given the respective variations along
time [2]. As inexpensive light sources became increasingly popular and commercially available (as LED’s for
example), allied to the appearance of low bend-sensitivity fibers, this type of accelerometers offer great
commercial prospect for large scale applications and has already proven itself as a very cost-effective solution
[2]. This intensity-based type of accelerometer has also been revealed as a great tool for frequency analysis in
the field of vibration measurements, as its sensor possesses enough sensitivity for the detection of the
oscillatory origins of a given vibration impulse [2].

For the optical accelerometer presented in this article, POF’s were selected for the implementation of its
sensing principle. As previously referred, POF’s are a particular type of optical fibers that have low bend-
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sensitivity properties. These plastic optical fibers possess high Numerical Aperture (NA) values which allow a
greater radius for its acceptance cone tolerating the emission and capture of optical signals that aren’t perfectly
aligned at its extremities. This given fact proves that this kind of fiber is ideal for the implementation of
intensity-based sensors [2].

This recently developed kind of fibers also comes in large core sizes and are much cheaper to produce when
compared to its typical silica counterparts. Being the high attenuation value its major fault, POF’s compensate
this drawback by offering great robustness and good flexibility making them a very appropriate low-cost
solution for large SHM applications [2].

2. Accelerometer Description

The 2D optical accelerometer is based on a single POF (Avago Technologies — HFBR-RUS100Z) acting as a
cantilever fixed to a U-shaped plastic structure which was constructed in PLA (Polylactic acid) using a
polymer 3D Printer from 3D Systems, model Cube 3™ generation, with a 70 microns resolution for higher
robustness. Coupled to the single fiber is a red LED (Industrial Fiber Optics — IF-E96) emitting at 660 nm
with an optical power of 0.2 mW, powered with 1.8V and 20 mA. On the opposite side of the same structure, a
bundle of 7 fibers were joined and secured using plastic clamps. These fibers are identical to the one used as
the cantilever and are united in a hexagonal configuration for minimizing the available spacing between fibers.
At the bundle extremity, the optical signal intensity in each array fiber was accessed using a webcam
(Growing 300K Turtle), with a 320x240 pixel resolution and frame rate of 25 Hz.

To further test this optical accelerometer and align its array of 7 fibers with the webcam lens. In its static
position, the single emitting fiber is aligned with the center fiber in the POF bundle when the accelerometer
isn’t subject to any external acceleration.

Figure 1. Basic plastic structure used for the assembly of the optical accelerometer printed with the 3D printer (left)
bundle of 7 plastic optical fibers with the emitting POF aligned with the central fiber when in static position (right).

After the complete assembly of the sensor described above, a dynamic test was performed by connecting the
mounted webcam to a Personal Computer (PC). Making use of the dedicated recording software for the
specific camera and with predefined values for ambient lighting and color contrast parameters. The test
consisted in recording a 15 seconds video while moving the cantilever fiber, in the direction of each fiber
along the bundle’s vertical plane. With this experiment, it was intended to simulate a natural vibration to
evaluate the accelerometers behaviour. After this procedure, a video file was generated by the computer and
saved in Audio Video Interleave (AVI) file format for complete compatibility with the usage of image
processing software.
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3. Image Processing Analysis

After obtaining the generated test video from the previous experiment, a script file was created in Matlab to
perform the image processing analysis required for attaining proper acceleration values to measure the
movement previously captured by the webcam.

Starting by opening the video file and observing the position of each one of the 7 fiber cores, a mask for each
fiber core was carefully positioned along a given frame. As the bundle position remains continuously static,
this mask is suitable for analysing the intensity at each fiber core for all the successive frames in the video.
The RGB color image was also converted to a greyscale figure for better readings of the intensity values of
each pixel in the frame.

By enumerating each fibers of the bundle from 1 to 7 and compensating the presence of ambient light in the
fiber cores, the achieved results for a dynamic test are shown in Figure 2. The left image displays the fiber
array output image acquired by the camera for a given position of the cantilever and the right shows the
evolution of the intensity on each array fiber core along time.
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Figure 2. Image of the fiber array output (left) optical signal intensity evolution on each fiber core along time (right). F#
refers to the identification of the fiber core, as illustrated in the left image.

The mode field diameter (MFD) parameter, wy, was calculated based on the POF’s NA value and the distance
between the luminous extremity of the cantilever fiber and the vertical plane containing the edge of the fiber
array. The loss of the transmitted optical signal between fibers is given by [3]:

Loss =1— e(WLO) (@Y

Another important parameter is the distance of each fiber core center to the middle of the array, given by the
variable x. Transforming this variable into an equivalent parameter best described as the radial offset given by
the relation R = (x,y) and rearranging expression (1) in order to this new variable, expression (2) was
obtained.

where R; represents the radius generated for the fiber i of the array, P; the value of intensity at a given frame of
fiber i, and A; the maximum value of intensity registered by any fiber along the video.

3
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Based on the values achieved for R; and given the coordinates (x,y) of each fiber array center, MATLAB
generates a corresponding circle for each fiber for each frame of the video. An example of the output of one
random frame is shown in Figure 3.

millimeters

millimeters

Figure 3. Plot of the generated circles based on the values of R; calculated by MATLAB for a random frame (frame #12).
The yellow dot represents the centroid point of the area in red.

After a geometric analysis, it is possible to achieve the position of the cantilever at a given frame of the video,
which corresponds to the centroid of the area where all the circumferences overlap (red area in Figure 3). As
the given position of the cantilever is already determined for each frame of the dynamic test video, it is easy to
obtain the distance covered by the emitting fiber along the full duration of the sample movie. Lastly, applying
the corresponding first and second differential calculations to the values of the accumulated distance according
to the video’s sample rate, the velocity and acceleration data can be obtained.

4. Results

Given the basic technique of registering movement/acceleration with this particular 2D optical accelerometer,
one can easily understand that the proposed sensor belongs to the intensiometric family previously mentioned
in this article. After all the procedures of the image processing analysis were complete, the data output
generated by the script created on MATLAB can be observed in Figure 4.
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Figure 4. Results obtained for a dynamic test using the proposed 2D optical accelerometer. The data presented, from top
to bottom, are the accumulated distance (top), the velocity (middle) and the acceleration (baixo).

5. Conclusions

In addition to the advantages that an optical accelerometer has over the other types of sensors, the suggested
work delivers respectable results given the simplicity and the low costs of its implementation. Further
improvements can be made to enhance the accuracy of the presented accelerometer by increasing the number
of fibers in the arranged bundle, maintaining its hexagonal format for best area coverage purposes. Another
aspect that can be easily improved is the usage of double AA alkaline batteries connected to a small value
resistor to power up the LED attached to the single optical fiber acting as the cantilever. Although the
precision of the results delivered by this accelerometer are yet to be confirmed, subjecting this sensor to a
known acceleration will present valuable data so that both results can be easily compared and possible
adjustments and improvements can be done to the final product. Lastly, the results that were demonstrated
above show the feasibility of a cost effective 2D accelerometer based on POF’s.

Acknowledgements

This work was financed in the scope of UID/EEA/50008/2013, by the National Funds through the Fundacéo
para a Ciéncia e a Tecnologia / Ministério da Educagdo e Ciéncia, and by the European Regional Development
Fund under the PT2020 Partnership Agreement. The support from the Brazilian Ciéncia sem Fronteiras (PVE)
program is also appreciated. P. Antunes acknowledge FCT support through the postdoctoral research
fellowship SFRH/BPD/76735/2011.

6. References

[1] P. F. C. Antunes, H. Varum, and P. S. André, “Intensity-Encoded Polymer Optical Fiber
Accelerometer,” IEEE Sens. J., vol. 13, no. 5, pp. 1716-1720, 2013.

[2] K. S. C. Kuang, S. T. Quek, C. G. Koh, W. J. Cantwell, and P. J. Scully, “Plastic Optical Fibre Sensors
for Structural Health Monitoring: A Review of Recent Progress,” J. Sensors, vol. 2009, 2009.

[3] L. Moore, “Single Mode Fiber Coupling” Opti521 Tutorial, 2006. [Online]. Available:
http://fp.optics.arizona.edu/optomech/student reports/tutorials/LMooreTutoriall.doc.

Aston University, Birmingham, UK 13-15September 2016



The 25th International Conference on Plastic Optical Fibers (POF2016)

Stabilized multimode fiber link

using graded-index plastic optical fiber with strong mode coupling
A. Inoue” and Y. Koike

Keio Photonics Research Institute (KPRI), Keio University, Kanagawa, Japan
*Cor<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>