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Abstractd] Over the past few years, polymer optical fibers began to draw attention and research efforts for sensor applications
due to its higher elastic strain limits, fracture toughness, flexibility in bend and relative low cost when compared with glass opti-
cal fibers. These advantages enable the polymer optical fiber application for measurement of strain, temperature, level, pressure,
angle, among other parameters. However, optical fiber sensors present some drawbacks, such as the refractive index variation
and signal attenuation with different temperature and humidity. There is also a variation on the output signal due to light source
power deviation. Although the first two drawbacks can be solved through a dummy sensor technique or dual-wavelength com-
pensation, there is a lack of alternatives for the compensation of viscoelastic effects of polymer optical fibers. This paper pre-
sents a review of polymeric optical fiber properties and sensor applications proposed throughout the years. Moreover, a quasi-
static test is performed and shows a high hysteresis for sensor application. For this reason, a dynamic bending analysis is pro-
posed for evaluation of the viscoelastic effects in frequencies higher than the fiber relaxation time. The presented experimental
setup provides a compensation method for the viscoelasticity of the polymeric fiber.
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angle and it represents the maximum amount of light
_ that an optic system can receive (Ziemann, 2008).
1 Introduction POFs have higher NA than GOF, therefore POFs
have higher signal attenuation and higher modal dis-
Optical fibers are compact and lightweight, allow persion which leads to smaller bandwidth since there
multiplexing systems, are chemically stable and areis a time difference between the light propagation
not influenced by electromagnetic fields. These char-with angles close to 0° and propagation with angles
acteristics make the optical fibers suitable for sensorsclose to the critical angle (Bilro, 2011).
applications (Bilro, 2011). There are two major types ~ The aforementioned characteristics have to be
of optical fibers: glass optical fibers (GOF) and pol- taken into account when utilizing POFs in sensors
ymer optical fibers (POF). Although POFs present gpplications. Researchers have studied optical sen-
higher signal attenuation which limits their applica- sors characteristics and properties and came out with
tion in communication systems to short distances, itseveral sensing applications for optical fibers (Bilro,
possesses some advantages over GOFs such as 1oa11). In this paper, a review of POF for sensor ap-
cost, high elastic strain limits, high fracture tough- piication is presented. Besides the optical properties
ness, high flexibility in bend and negative thermo- presented in this section, mechanical and thermal
optic coefficients. These mechanical advantagesproperties are discussed as well. The knowledge ob-
make POFs very sensible to strain which is deSirabIetained in this review and the quasi-static tests per-
for sensors of this nature. POlymer based Optical ﬁ-formed allows the proposa| of an experimenta| Setup
bers typically have diameters between 0.25 mm andio estimate the light power attenuation of a POF un-
1 mm which is larger than the typical diameters found ger a cyclic bending in different frequencies. Since
in GOFs. Therefore, it is possible to use low preci- the bending cycle may present periods smaller than
sion plastic connectors which generally results in athe relaxation period of the polymer tested, this ex-
lower cost system (Zubia e Arrue, 2001). Moreover, perimental approach helps to evaluate the viscoelas-
polymers have great biocompatibility which makes it ticity influence on the POF. If the viscoelasticity in-
a promising alternative for biomedical applications fluence on the output signal is evaluated, it is possi-
(Peters, 2011). ble to estimate a dynamic compensation equation in
The light propagates in an optical fiber confined the data processing.
into the nucleus and the curvature of the fibercasfe
its propagation characteristics. Furthermore, only the
light coupled to the optical fiber with angles lower 2 Polymer optical fibers properties
than the acceptance angle are propagated inside the
fiber. The acceptance angle is function of the core  Several authors have studied the mechanical and
refractive index, external refraction index and the thermal properties, and attenuation properties of a
critical angle. Additionally, the acceptance angle is POF under flexion, torsion, and elongation. Since
important to determine the optical fiber numerical the POFs are made of plastic materials and GOFs are
aperture (NA) which is the sine of the acceptancemade of silica, it is expected that the Young modulus
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of the POFs be lower than GOF'’s. However, there ismaterial lies between the two types of materials pre-
not an exact value for the Young modulus on poly- sented, the Maxwell model is a spring in a linear con-
mers, these values lie in the range between 1.6 GPéguration with a dashpot (Roylance, 2001). There are
and 5GPa for PMMA (Polymethyl Methacrylate) several other models with the same principle such as
POF (Peters, 2011). The differences in the results areStandard Linear Model, Wiechert Model, Voigt Kel-
caused by the polymer anisotropy, internal stresses/in Model, among others. The parameters of the
generated in the manufacture process and differencemodel are obtained from the DMA, the instantaneous
between the experimental approaches which includestrain are obtained from direct measure with the hy-
different strain rates for the Young modulus estima- pothesis that the shaker response is a lot faster than
tion and testing conditions (Peters, 2011). the polymer dynamic. Furthermore, the polymer vis-
In order to evaluate the Young modulus devia- cosity is estimated in a product between the dynamic
tion with the strain rate and strain range, Kiesel et Young modulus and the material time constant.
al. (2007) measured a static Young modulus for three ~ The temperature has to be controlled on a DMA
different strain rates (0.01, 0.3, 0.6 mA) with the because it causes deviations in transmission results. It
strain range between 1% and 5.5%. The static Youngs important to account the losses due to temperature
modulus lies between 3.83 GPa and 5.04 GPa. Thehanges. However, the temperature change in poly-
static Young modulus is applied for small strains mers are limited due to glass transition. The glass
(lower than 1%), in strains larger than 1% the nonlin- transition temperature for PMMA is about 100°C
ear effects due to polymer viscoelasticity became (Peters, 2011).
relevant and must be considered in Young modulus  Aware of the temperature limitation, Kovacevic
estimations. Therefore, the deviation between theand Djordjevich (2009) analyzed some optical pa-
Young modulus values in strain ranges above 1%rameters variations with temperature and POF length.
could be caused by the nonlinear effects of the poly-Although the temperature range was quite larg® (
meric material which was not considered on most°C to 100 °C), the parameters show little variation.
estimations. The refractive index maximum variation was 0.03
The polymers viscoelasticity is taken into ac- RIU. Bandwidth and mode dispersion have apprecia-
count by Stefani et al. (2012), for this reason a dy-ble variation with temperature only after 10 m length.
namic mechanical analysis (DMA) is performed. A The mode dispersion decreased with the temperature
current driven shaker is employed to perform the and bandwidth slightly increased when the tempera-
DMA, the shaker can provide a peak to peak dis-ture rises. Silva-Lopez et al. (2005) investigated the
placement of 6 mm in a frequency range of O to strain and temperature sensitivity for POFs, the re-
18 kHz and it is comprised of a shaker within a cli- sults show a strain and temperature sensitivity greater
matic chamber. The fiber is fixed at one end of thein magnitude than that of the GOFs. Moreover, the
shaker which have an accelerometer beneath it. Theréhermo-optic is negative which presents the possibil-
is a force gauge on the other side of the testing maity for temperature compensation in strain sensors
chine. The shake is driven by a waveform generator(Peters, 2011).
which generates a sine wave on a fixed frequency.  Bilro (2011) evaluate the power loss due to tem-
The data acquisition card monitors the accelerometerperature variation from 25°C to 70°C in a POF, how-
force gauge and wave input. Results show the typicalever, there was not an appreciable power loss in this
phase lag of the viscoelastic materials. Moreover, thetemperature range since it was used a compensation
phase lag increases when the frequency is increasednethod in the characterization. Additionally, it was
Almost all parameters which defines the dynamic evaluated the power loss with the relative humidity
Young modulus depends on the phase lag, as it is/ariation in a range of 50% to 90% in a fixed temper-

shown in Eq. 1. ature of 30°C. There was not a considerable variation
with relative humidity. However, all experiments
E=E, cosf)+IE,sin(d) (1) presented were made on static conditions, thus the

viscoelastic effects were suppressed. Since the visco-
elastic material is affected by temperature, it is possi-
ble that a dynamic mechanical analysis with tempera-
ture variation achieves a considerable variation in the
the static Young modulus andl is the phase lag. response curve. PMMA is a thermorheologically
There is no phase lag in elastic materials, thereforesimme material (Lakes, 2009), in this type of polymer
the dynamic Young modulus is the static Young the effect of lowering or raising the temperature
modulus which can be obtained from the stress-strainsimmy shifts the viscoelastic response horizontally
curve inclination calculation in the elastic region. without change the curve shape. This horizontal shift
Results obtained in the DMA analysis points to is the time-temperature shift factor that depends on

the possibility to analytically model a POF through the polymer relaxation time, reference temperature
the Maxwell viscoelastic model. This model and sev- and actual temperature (Roylance, 2001).

eral other models are based on the assumption that an  Equation 2 shows the time-temperature shift fac-

elastic material behaves like a spring and a viscous, (aT) calculation. Referring to Eq.2,:@nd G
material behaves like a dashpot. Since a viscoelastic '

Where E is the dynamic Young modulus,is
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are material constants which depends on the refer-  Williams et al. (2010) also investigate the spinal

ence temperatureT(ef ) Chosen_ Universa| Va|ues for curvature. SUCh l‘eseal’Ch iS I|m|ted to |umbal‘ curva-
C: and 17.4 and 51.6 velv. Th ‘ ture. Results of the lumbar monitoring are compared
1and G are 17.4 an -6 respectively. The refer- to a video-based method and good precision was

ence temperature for these values is the glass transbroven. Donno et al. (2008) develops a POF goniom-
tion temperature (Roylance, 2001). eter capable of measure higher angles (up to 90°).
Dynamical tests are conducted in three frequencies:
- Q(T—Tref) 2) 0.1 Hz, 1.25 Hz, and 5 Hz with good accuracy be-
m tween and low hysteresis of the POF sensor and the
ref reference potentiometer. The proposed goniometer
can be applied for knee joint angle measurement by
athletes to test and train their exercises and to physio-
therapy rehabilitation. Bilro (2011) presents a similar
approach to knee angle monitoring. However, the

Although POF based sensors can be employed tasensor is characterized in quasi-static tests and the
evaluate the beam dispersion and phase deviation fosensor is evaluated with a video based system which
measurement as in a turbidity sensor (Bilro, 2011), accounts only the movements on the sagittal plane. It
several POF sensors take advantage of the polymefas also presented the wireless prototype of the POF
flexibility to measure the transmission losses on asensor. Moreover, a characterization of the same POF
bending fiber. Both maCfObending and minObending sensor princip|e was made to app]y the POF goniom_
power loss are applied for sensing applications. eter to elbow angle measurement.

Fegadolli et al. (2008) takes advantage of micro-  One drawback of macrobending sensor is the
bending power loss to develop force detection plat-nonlinearity between sensor attenuation and bend
form. The rectangular platform is comprised of a radius. To overcome this problem, one of the pro-
lower fixed plate and an upper movable plate, bothposed solutions is to polish the side of the sensor
fixed and moving plates have cylindrical rods placed hending portion. The linearity between attenuation
throughout its length. The optical fiber lies between and bend radius can be obtained if the fiber losses its
the two parts, when force is applied on the movablec|adding and part of its core. Bilro (2011) compared
part, the POF is squeezed and the signal attenuatiofhree methods for lateral cutting: cleavage, cleavage
is detected and processed. Applying the same workyith polishing and manually hot-knife cut.
principle, Chen et al. (2012) proposed a breathing \jicroscopic images of the fiber sections of each
sensor. The sensor is embedded on seat cushion ff the methods shows that the cleavage with polishing
bed and detects the body vibration during bfeath'”g-provides a more regular section. Besides the appro-
The sensor proven to be capable of detecting bodyyriate cutting technique, the length of the polished
vibration with maximum error of the frequency garea as well as the polishing depth affects the attenua-
measurement less than 0.2 Hz and the frequencyion and refractive index of a POF (Bilro, 2011).
measurement range can be up to 2000 Hz. _ Jing et al. (2015) provides an investigation of the

Among the many applications of macrobending \sariations on the refractive index of a side polished
POF based sensors, the biomedical and rehabilitatiorpgr  The effects of the curvature radius, polished
applications draw more attention of the researchersposition and polished depth are measured. The high-
POFs are preferred in rehabilitation purposes due toggt sensitivity (154 dB/RIU) was achieved in a pol-
its biocompatibility_ and_ are more rugged and Saferishing position of 5mm, 500um of polishing depth
than the glass optical fibers (Chen et al., 2012). Leegng polishing angle of 60°. An analytical formulation
et al. (2006) proposed an _optmal fiber angular sensorg proposed in Lomer et al. (2007) to define the pol-
to measure the human joint angle based on macrosghing depth as a function of the bend radius, fiber
bending power loss. It was investigated the photo-qre radius and the semi-axis on y direction.
transistor voltage and angle correlation with different Experimental results showed good agreement

fiber tip angles (0°, 20° and 35°). Results shows an i, the analytical model. A more sophisticated side
asymmetric dependence of voltage and angle for 20%,5|ish technique is presented in Stupar et al. (2012).
and 35° tip angles. In this polishing method, the sensitive zone created
Dunne et al. (2008) developed a wearable gar-py several teeth which were obtained through preci-
ment-integrated curvature sensor for monitoring the gjgp, drilling. The fiber sensitivity on the bending
seated spinal posture and the subject posture is evakection can be controlled by adjusting the depth,
uated by a two-leaved decision tree model for posture, mber of teeth, width of the linear range and dis-
classification. The posture classification made by aignce petween teeth. Bilro (2011) reported a sensi-
decision tree algorithm is compared with the classifi- tivity enhancement on the polished region after ap-
cation from a visual analysis of professionals. How- plying lacquer coating.
ever, the lack of agreement between the eight experts * 1o main drawback of the signal intensity modu-

presents a problem for system evaluation and for|4i0n gptical fiber sensors is its larger sensitivity to
long-term monitoring of seated posture. external perturbations e.g. temperature, microbend-

log(aT) =

3 POF based sensors

ISSN 2525-8311 3



XXI Congresso Brasileiro de Automatica - CBA2016
UFES, Vitéria - ES, 3 a 7 de outubro

ing, source power deviations, among others. It resultsvariations. The laser provides light for both fibers
on indistinguishable variation on the received signal and these fibers are further split into the reference
from that produced by actual modification of the and sensor fibers through the light coupler (LC) IF-
measurand (Vallan et al., 2012). 562 (Industrial Fiber Optics, USA). Figure 1 shows
Bilro (2011) and Moraleda et al. (2013) em- block diagram of the experimental setup. In order to
ployed a dummy sensor for a self-referencing systemenhance the sensor sensibility, lateral sections with
which lowers the temperature, humidity and source controlled length and depth were made on the fiber
power deviations to acceptable values. through a Computer Numeric Control (CNC) milling
Vallan et al. (2012) investigated another com- machine.
pensation technique, based on two signals at different
wavelengths inserted to the system. The signals are ~
coupled and, at the end of the first fiber, a wave- Reference

length-selective element filters the two signals which a
(650nm}) Board

are fed to the second fiber with two different distanc- O =

es. Se:nsor PD
Therefore, one signal is responsible for the dis-

placement measurement and the other corrects the Flg 1. Experimental setup for quasi-static test of the optical

sensor readings for disturbances. The results obtained 1Pe" Sensor:

for this dual-wavelength compensation technique _ _

showed the wavelength dependence of the attenuation ~ Tests hysteresis (Eq. 3) is analyzed on the exper-

drift in POF sensors which makes this method feasi-imental setup presented with different curvature radii.

ble to compensate environmental effects on the senThree consecutive tests were made in each radius.
sor. The curvature radii tested were 40, 45, 50, 55, 60, 65,

Yuan (1998) developed a compensation tech-70, 75, and 80 mm. These radii were chosen due the

nique using a five fiber structure on the sensing goniometer maximum length (80 mm) and the mini-
probe. Although this system can sense two dimen-Mum curvature radius recommended by the POF
sional physical parameters and automatically com-manufacturer (40 mm). Test results are summarized
pensate the light source deviations, the sensor has nd@ Table 1.

a compact design which is desired for some rehabili- ~ Referring to Eq.3, hysteresis is the ratio between
tation purposes (Bilro, 2011). the vertical differences of flexion and extension line-
Zawawi et al. (2013) compensated the light pow- ar approximations curves. Whe(é(mn—Ymp) is the
er deviation_s from t_he Iigh_t source with an alumiqum difference between the flexion and extension curve
foil placed in a defined distance of the source fiber
tip. The reference signal was collected at the end tip
of the reference fiber due to reflection of the alumi- imum and minimum points of the hysteretic curve.

num foil surface. The signal is compared with the one

=]

on a predefined point anfY;,,, = Yyi,) is the max-

of the source fiber and a compensated response of the (Y -Y ) (3)
output voltage is achieved. Hysteresi§) = ‘M x100%
(YMax _YMin)

4 Quasi-static test and dynamic bending analysis

proposal Table 1. Quasi-static tests results.

A quasi-static test is made by fixing a multimode Curvature Radius (mm) Hysteresis (%)

HFBR-EUS100Z POF (Broadcom Limited, Singa- 40 9.8
pore) with step index on a plastic goniometer through 45 6.7
3D printed supports. The supports are placed in dif- 50 55
ferent positions to provide different curvature radii o5 5'1
on the tests. The test comprises of bending the fiber :
on sequential 10° steps for flexion and extension in 60 4.3
0-90° range. The fiber remains on the desired angle 65 2.5
for 10 seconds. As the bending occurs, the light at- 70 2.4
tenuation increases due the fiber curvature. The light 75 2.3
variation is acquired by the photodiode (PD) IF-D91 80 1.8

(Industrial Fiber Optics, USA). The light source is a
low cost 3 mW 650 nm laser (Phywe, Germany). The  ajthough there is a negative correlation between
signal acquisition is made by an Arduino Micro and e cyrvature radius and the hysteresis, it is still high-

the sample rate is 10 Hz. Furthermore, a reference for the maximum curvature radius tested. There-
fiber is applied to compensate the possible fluctua—fore, a compensation technique for the hysteresis
tions in the light source, temperature and humidity
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needs to be developed in order to achieve a reliablenectors. The test is performed by means of orthosis
curvature sensor. knee joint movement from 0° to 90° under different

The review presented on previous sections andfrequencies. Furthermore, in order to evaluate the
observations made on the quasi-static analysis enaviscoelastic effects, the test must be performed on
bles the proposal of a novel experimental setup tofrequencies higher than the POF relaxation time. The
investigate the dynamic mechanic behavior of a bend-fiber sensor response is compared with the potenti-
ing POF under different frequencies. One reason ofometer response to evaluate the viscoelastic effects of
the hysteretic behavior is the polymer viscoelasticity. the POF sensor. Figure 2 shows the 3D model of the
The dynamic bending analysis proposed in this sec-orthosis with the POF sensor system mounted. The
tion estimates the POF viscoelastic effects and comeboard with the photodiode and amplifier is not repre-
out with a compensation technique for the viscoelas-sented in Figure 2.

ticity.
As aforementioned, the POF sensitivity do not | gser
relates linearly with the bend radius. The linearity is I} Light Coupler

achieved by means of lateral polishing in the fiber.
The cleavage with polishing method is employed to
the lateral polish since it is simpler and cheaper than
the precision drilling technique.

Although a lacquer coating can enhance the pol-
ished optical fiber sensitivity, it can lead to deviation
on measured values through time due to the coating Sensor POF
chemical stability. Even though these are minor devi-
ations (standard deviation of 1.8%), the effects of the
coating stability are mixed with the effects of the
material viscoelasticity (Bilro, 2011). Therefore, the
viscoelasticity compensation technique would present
some inaccuracies due to the impossibility to filter Figure 2. Dynamic bending analysis 3D model
the coating chemical stability effects. For this reason,
the polished region of the POF must not be coated for
the dynamic test. 5 Conclusion

Another issues that must be taken into account

are light source power deviations and environmental  Thjs paper presents a review of POF properties
deviations such as changes on the humidity and temand characteristics as well as describes its sensor
perature. Among some compensation methods preapplications. The properties and applications de-
sented in previous section, the dummy sensor methodcriped are applied to develop a dynamic bending
provides an acceptable compensation for environ-analysis for a POF which evaluates the viscoelastic
mental and source power deviations (Vallan et al., effects on the signal attenuation due to curvature loss.

2012). Furthermore, this method does not compen-These effects were first observed in the quasi-static
sate variations on the attenuation due to mechanicajests performed.

stress which is desirable for this application since the If the viscoelastic effects are estimated. a com-

mechanical stress behavior has to be filtered ©Opensation method can be proposed to correct the
achieve a compensation technique for viscoelasticmeasure deviation caused by this undesirable effect
effects. on a dynamic movement. Some viscoelastic models
In order to obtain the desired flexion/extension are priefly discussed and an analytical model of the
movement with different frequencies, an active ortho- fiper dynamic response can be obtained as well. The
sis is employed. The referred orthosis has two de-majn drawbacks of the POF based sensors, namely
grees of freedom: one passive on the hip and the othnonjinearity between fiber sensitivity and curvature
er is an active on the knee. The motor unit of the or-radjus and deviations on output signal due changes in
thosis is comprised of a DC motor and a harmonic jight power source and environmental changes, are
drive which provides a range of movement of 0 to discussed and the dummy sensor method for envi-
90°. A precision potentiometer is connected to theronmental and power source deviations is a good
harmonic drive output through a toothed belt and is gption for the compensation technique.
responsible for the knee joint position measurement. — \jgreqver, the linear behavior of POF’s sensitivi-
The main components for the dynamic bending anal-ty is optained through the lateral cleavage and polish-
ysis are the same as presented on the quasi-static tesfyg method. The POF and optical source with elec-
These outlined components are assembled to theronic components are fixed on an active orthosis
active orthosis presented. Since it is not required forwhich has an angular range of 0° to 90° with different
the dynamic test, the orthosis passive hip joint is re-frequencies of movement. The voltage corresponding
moved. The POF and the board with the photodiodeto the POF optical output is compared with the ortho-

and amplifier are fixed on the orthosis through con- sjs precision potentiometer response in order to ac-

R

Reference POF

Active Orthosis
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count for the variation between the two sensors whichLakes, R. (2009) ‘Viscoelastic Materials’, Cambridge

is mainly caused by the viscoelastic effects of the University Press, First Edition.

polymer optical fiber. Lomer, M.; Arrue, J.; Jauregui, C.; Aiestaran, P.;
It is important to employ the orthosis as the driv- Zubia, J. e Higuera, J. (2007) 'Lateral Polishing

ing mechanism for the fiber because the final goal of  of Bends in Plastic Optical Fibers Applied to a

this project is to obtain a POF sensor with viscoelas- ~ Multipoint Liquid-level Measurement Sensor',

tic effects compensation for dynamic joint angle Sensors and Actuators A, vol. 137, pp. 68-73.

measurement. The advantages of this application iMoraleda, A.T.; Carmen Vazquez Garcia, C.V,;

the sensor ease of installation, noise immunity, elec-  Zaballa, J.Z.; Arrue, J. (2013) ‘A Temperature

tromagnetic fields immunity, among others. In order Sensor Based on a Polymer Optical Fiber

to enhance this POF sensor precision, another future  Macro-Bend’, Sensors 2013, vol. 13, pp. 13076-

work is to apply the dynamic bending analysis under 13089.

different temperatures to evaluate the temperaturePeters, K. (2011) 'Polymer Optical Fiber Sensors - a

effects on the polymer viscoelastic behavior. Review', Smart Materials and Structures, vol. 20,
p. 013002 (17pp).

Roylance, D. (2001) ‘Engineering Viscoelasticity’,
Available in
http://ocw.mit.edu/courses/materials-science-
and-engineering/3-11-mechanics-of-materials-
fall-1999/modules/visco.pdf.
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