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Abstract: We have fabricated a composite optical fiber with hyperelastic silicone cladding
and silica core, and demonstrated a simple and highly sensitive pressure sensor based
on the light coupling between two such composite fibers twisted together. The hyperelastic
silicone has very low Young’s modulus which makes the fiber deformation easier even under
small pressure and hence improves the light coupling and pressure sensitivity. Both simula-
tion and experiment show that the light coupling based pressure sensor using the composite
fibers is very sensitive to small pressure (e.g., several newtons) compared with those using
conventional silica fibers and polymethyl methacrylate resin polymer fibers, which almost
have no response to small pressure. With excellent sensitivity and fast response time (« 1 s),
both static and dynamic side pressure have been successfully detected. The sensing config-
uration is simple without any complicated structures and would be a cost-effective candidate
for highly sensitive small pressure monitoring.

Index Terms: Fiber-optic pressure sensor, fiber fabrication, silicone-cladding/silica-core
composite optical fiber, Young’s modulus.

1. Introduction

Due to the advantages of immunity to electromagnetic interference, high sensitivity, low cost and
small size, optical fiber sensors have been widely used in many fields, e.g., civil engineering,
industrial production, national defense etc [1]. Parameters such as refractive index, pressure, strain,
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temperature, humidity etc can all be measured by using fiber sensors [2]-[5]. For pressure sensing,
various fiber structures like fiber Bragg gratings (FBG) [2], [6], fiber interferometers [7], [8] and
tapered fibers [9], [10] have been proposed and demonstrated. Conventional optical fibers with
silica cladding and core have been used to realize those structures. However silica is a hard
material with high Young’s modulus and thus the stiffness of the silica fiber makes it difficult to
be deformed and compressed, leading to low pressure sensitivity [11]. To improve the pressure
sensitivity, silica FBGs were embedded in polymer materials, e.g., polycarbonate [12] and silicon
rubber [13], as they have relatively low Young’s modulus and hence the pressure sensitivity can be
increased. Later with the development of polymer optical fiber whose Young’s modulus is lower than
silica fiber, pure polymer FBGs have been fabricated and demonstrated to offer higher pressure
sensitivity compared with silica FBGs [11], [14]-[16].

However, the Young’s modulus of conventional polymer optical fiber made by Polymethyl
Methacrylate Resin (PMMA) is still large, limiting further improvement of the pressure sensitiv-
ity. Moreover, the relatively high loss makes PMMA polymer fiber not suitable in long-distance
sensing. In this paper we fabricate a hyperelastic silicone-cladding/silica-core composite optical
fiber and develop a simple and highly sensitive pressure sensor based on it. Silica is used as the
material of the fiber core, while hyperelastic silicone (Sylgard184, Dow Corning Ltd.) with very low
Young’s modulus, is used as the cladding material. Two such composite fibers are twisted together
such that light coupling between them takes place when external pressure deforms the soft silicone
claddings and makes the silica cores approach each other. By simply measuring the light intensity
coupled from one fiber to the other, we can monitor the pressure applied to the fiber. The use of
hyperelastic silicone as the cladding material gives rise to high sensitivity because the cores of
the composite fibers can be more easily compressed closely to enhance the light coupling. And
silica core offers lower loss than polymer fiber. Moreover, no post-processing of the fiber to form
particular fiber structures like FBGs and interferometers etc is needed, which simplifies the sensing
configuration. It is worth mentioning that hyperelastic organic silicon materials, e.g., polydimethyl-
siloxane and silicone etc, have been recently used in developing soft electronic skin and skin-like
pressure sensors for highly intuitive human-computer user interfaces due to their flexibility and
biocompatibility [17]-[20].

2. Fiber Fabrication and Experiment Setup for Small Pressure Monitoring

Fig. 1(a) depicts the fabrication process of the hyperelastic silicone-cladding/silica-core composite
optical fiber used in the experiment by using fiber drawing tower. Note that the figure is plotted
along horizontal direction for convenience. The pure silica preform is heated up to 1950 °C in the
furnace and then is drawn into optical fiber with core diameter of 85 um. The coating material is
silicone (Sylgard184, Dow Corning Ltd.), which is mixed with curing agent at a weight ratio of 10:1.
During the coating process, the pure silica core passes through the coating cup filled with mixed
silicone and curing agent. As the surface tension of the silicone is low (20.4 mN/m for Sylgard184),
coating silicone to the surface of pure silica core becomes easy. After this process, pure silica
core is coated with a thin liquid silicone film. Finally the coated fiber immediately passes through a
curing oven with temperature kept at 250 °C. The process takes 10 second and the liquid silicone is
completely cured during that time. Fig. 1(b) shows the Scanning Electron Microscope (SEM) photo
of the fabricated silicone/silica composite optical fiber. The core and cladding radii of the composite
fiber are 42.5 um and 73.8 um, respectively. At 1550 nm region the refractive index of silicone
and silica are 1.40 and 1.45, and the composite fiber supports multimode transmission. Fig. 1(c)
depicts the field distribution of the fundamental mode and several higher-order modes inside the
composite fiber. The attenuation coefficient of the composite fiber is measured to be 23 dB/km at
850 nm and 83 dB/km at 1550 nm. Compared with the loss of POF which is around the level of
100 dB/km at visible light region (below 650 nm) and much larger than 100 dB/km beyond 850 nm
[21]-[24], the loss of our composite optical fiber is quite low. The thermo-optic coefficient for the
silicone cladding of the composite fiber is negative, i.e., —4.5 x 10~4/°C, whose magnitude is about
2 orders larger than 8.6 x 1078 /°C of silica [25], [26]. The optical power distribution of the modes
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Fig. 1. (a) Fabrication of silicone-cladding/silica-core composite optical fiber; (b) Scanning Electron
Microscope photo of the fabricated composite fiber; (c) field distribution of several modes inside the
composite fiber.
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Fig. 2. (a) Experiment setup of using twisted silicone/silica composite optical fibers for side pressure
sensing; (b) magnified image showing the fiber twisting of two composite optical fibers; (c) configuration
of adding side pressure to the sensing fibers. PD: photodetector.

will be slightly changed by temperature, making the composite fiber also potential in temperature
sensing. However, in this paper we focus on pressure sensing.

The experiment setup using the fabricated silicone/silica composite optical fibers for pressure
sensing is shown in Fig. 2(a). Two composite fibers with the same length of 2.5 cm are twisted
together with a small twisting pitch (2.5 mm) to serve as the sensing fibers. Fig. 2(b) shows the
magnified images of the fiber twisting using two composite optical fibers. The purpose of twisting is to
make the light coupling intensity stable and small pitch can make the pressure applied to the sensor
uniform along the fibers, which ensures stable measurement [27], [28]. The sensing fibers together
with support fibers are sandwiched between two glass plates, and the side pressure is applied
from the top plate, as shown in Fig. 2(a). The support fibers are used for stable measurement.
Optical light from a light source is injected into one of the twisted sensing fibers, i.e., input fiber in
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Fig. 2(a). After the side pressure is applied from the top plate, the hyperelastic silicone claddings of
the sensing fibers are compressed and the silica cores become close to each other, leading to the
increase of light coupled from the input fiber to the other twisted sensing fiber, i.e., output fiber in
Fig. 2(a). The light intensity coupled to the output fiber depends on the distance between the two
fiber cores which is related to the applied side pressure. Thus by detecting the light intensity from
the output fiber we can monitor the external side pressure applied to the sensing fibers. Here we
use a photodetector and oscilloscope to detect the coupled light intensity for monitoring both static
and dynamic side pressure. Fig. 2(c) illustrates how the side pressure is applied in our experiment.
The two glass plates with sensing fibers and support fibers in between are fixed on top of an
electronic balance which can measure and display the magnitude of side pressure applied to the
top plate. The side pressure is generated through a wheel pressing the top plate and the magnitude
of pressure can be changed by adjusting the vertical position of the wheel. To generate static side
pressure the wheel is fixed; while to provide dynamic side pressure the wheel is driven by a motor
to spin at a constant speed.

As the composite fiber is a multimode fiber, multimode interference exists and would lead to
unstable intensity at a particular wavelength. In addition, the light coupling may take place at
different positions of the twisted areas and cause multipath interference which would also give rise
to unstable intensity. In order to minimize the fluctuation of coupled light intensity due to multimode
and multipath interference, we use a broadband super-luminescent LED (SLED, Model DL-BX9-
CS5169A, Denslight. Ltd) with 3-dB bandwidth of ~60 nm and output power of ~16 mW as the light
source. With the use of broadband light source the effect of intensity fluctuation from multimode
and multipath interference at each wavelength can be averaged and minimized to enhance the
measurement stability. It is worth mentioning that we carefully align the composite fiber with a
single mode fiber (SMF) and then splice them together which makes the composite fiber have
a SMF pigtail and is connected to the SMF pigtail of the SLED. This makes fewer higher order
modes excited. In addition, the propagation loss of composite fiber is larger compared with the
silica fiber, especially for the higher order modes which have more optical power distributed at the
silicone cladding region than the lower order modes, making them disappear after propagation for
a shorter distance. Therefore higher order modes are not dominant inside this composite fiber and
the multimode and multipath interference are further suppressed.

3. Results and Discussion

Before experiment, we first use simulation to compare the deformation of our silicone/silica com-
posite optical fiber with conventional silica fiboer and PMMA polymer fiber when they are under
external force. Two-parameter Mooney-Rivlin model is used for simulation of the composite optical
fibers (COMSOL, 2D structural mechanics model). The parameters for silicone in the simulation are
set as follows: Cig = 0.06 x 10%, Coy = 0.046 x 10°, initial bulk modulus k = 0.18 x 10°, silicone
density of 1272 kg/m3 at room temperature. The Young’s modulus and the Poisson’s ratio are set to
be 4.1878 x 10°% Pa and 0.03769 for silicone, 7.30192 x 10'° Pa and 0.16707 for silica [29], 3 x 10°
Pa and 0.37 for PMMA [30], respectively. The simulation results are given in Fig. 3. Fig. 3(a) shows
the deformation of the composite fibers under different line forces. As the line force applied to the
top glass plate increases, the hyperelasitc silicone claddings are easily compressed and hence the
silica cores become close to each other. The stronger the line force is, the larger the displacement
of the fiber core distance between the two composite fibers is. This is more obvious from the red
curve in Fig. 3(b) which depicts the displacement of the core distance for composite fiber as a
function of line force. For comparison, the displacement for pure silica fiber and PMMA polymer
fiber are also given as the dashed blue curve and dot green curve. The displacement of the core
distance for composite fiber increases significantly as the line force increases; while the displace-
ment for pure silica fiber and PMMA polymer fiber are almost unchanged when compared with the
composite fiber, as indicated by the magnified view in the inset of Fig. 3(b). The Young’s modulus
of silicone is smaller than that of silica by four orders and PMMA by three orders, respectively.
Thus the hyperelastic silicone claddings can be easily compressed to make the cores of composite
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Fig. 3. (a) Deformation of the twisted composite fibers under different line forces; (b) displacement of
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Fig. 4. Optical spectra of the coupled light under different static side pressures.

fibers approach each other even under small external force, enhancing the light coupling to realize
high pressure sensitivity. While for the silica fiber and PMMA polymer fiber, the silica and PMMA
polymer claddings are difficult to be compressed due to high Young’s modulus, resulting in very
small displacement and hence poor pressure sensitivity. According to [2], the silica fiber only has
obvious response to external line force when the force is at the level of kN/m; while our composite
fiber responses obviously even if the line force is three orders smaller, i.e., at a level of N/m, as
shown in Fig. 3. Therefore, our composite fibers would be more sensitive to external pressure, even
if the pressure is very small.

In order to demonstrate the high pressure sensitivity offered by our composite fibers, we apply
static side pressure to the sensing fibers using the configuration in Fig. 2. Fig. 4 shows the optical
spectra of the coupled light measured from the output fiber when the twisted composite fibers are
under different static side pressures. No coupled light is observed under a side pressure of 0.5 N
as shown by the green curve, since the fiber cores are too far away to have effective light coupling.
As the side pressure increases, the light is coupled from the input fiber to the output fiber and
corresponding optical spectra are observed. Larger side pressure results in stronger light coupling
and hence higher intensity level of the spectrum, as shown in Fig. 4. Note that small ripples in the
spectra originate from the multimode and multipath interference. Then we use the photodetector
and oscilloscope to monitor the coupled light intensity as a function of static side pressure. The

Vol. 9, No. 6, December 2017 6805208



IEEE Photonics Journal Highly Sensitive Small Pressure Monitoring Using Hyperelastic

E 0.54 —a— Silicone/silica composite fiber

o —a— Pure silica fiber

% 0.4 -4—PMMA polymer fiber

=

o

S 0.34

g 0.2

o ]

2

o 0.1

'E 0.04e—cus 2 s : : : —)
o] 0 1 2 3 4 5 ]

Side Pressure (N)

Fig. 5. Measured voltage on oscilloscope as a function of static side pressure.

voltage displayed on the oscilloscope is recorded, and the result is given as the red dots in Fig. 5.
The voltage is kept almost zero when the side pressure is below 1 N. When the side pressure
is beyond 1 N, the voltage increases significantly due to stronger light coupling. The coupled light
intensity increases quite smoothly, which implies the effectiveness of minimizing intensity fluctuation
by using broadband light source. From Fig. 5 we can see that the coupled light power is not a linear
function of the side pressure. We calculate the percentage of nonlinearity of the curve defined as
the maximum deviation from an ideal linear transfer function over the specified dynamic range. From
the range of 3.5 N to 6 N in Fig. 5 the maximum percentage of nonlinearity is calculated to be 4.0%,
which indicates a well linear region. While for the whole sensing range (i.e., 1 ~ 6 N) the maximum
percentage of nonlinearity is calculated to be 20.5%. Here the polarization would not affect the
sensor performance significantly as the output of the SLED is broadband unpolarized light. For
comparison, we also measure the coupled light intensity when silica fiber (SMF-28, Corning Ltd.)
and PMMA polymer fiber (EC-250, POFETH fiber) are employed for pressure sensing, respectively.
The results are shown as blue rectangles and green triangles in Fig. 5. No voltage is observed for
the cases of silica fiber and PMMA polymer fiber, which indicates that the two fibers are insensitive
to such small pressure. While our composite fiber is highly sensitive to small pressure due to the
low Young’'s modulus of its silicone cladding which strongly enhances the light coupling. The low
Young’s Modulus silicone has a medium ultimate tensile strength, e.g., 3.51-7.65 MPa [31], which
makes the strength of the proposed composite fiber weaker than the normal fiber to some extent.
There is a certain possibility that the fiber would be broken when the side pressure is larger than
6 N. Thus the composite fiber is a desirable candidate for highly sensitive small pressure monitoring.
Note that we have repeated the measurement for several times, including the use of another two
composite fibers of the same type, and it is found that our measurement is stable. This verifies the
stability of our sensor and the stable light coupling by fiber twisting [28].

Next dynamic side pressure is applied to the composite sensing fibers and the same setup as
shown in Fig. 2 is used to measure it. Periodic pressure with a period of ~2.4 s is applied and five
different amplitudes (i.e., 0.5 N, 2 N, 3 N, 4 N, 5 N) are tested. Fig. 6(a) plots the measured voltage
as a function of time on oscilloscope for different pressure levels. Due to the weak light coupling,
no voltage is detected when the pressure amplitude is 0.5 N (red curve), which is consistent with
the results in Fig. 4 and Fig. 5. For other pressure amplitudes, the voltage is measured to be a
periodic function of time with almost the same period as that of the pressure applied to the sensing
fibers, and the amplitude of voltage is proportional to that of the periodic pressure. The successful
detection of dynamic pressure verifies the repeatability of the simple pressure sensor using light
coupling from twisted composite optical fibers. The response time of the sensor can be estimated
using the result of 5 N pressure amplitude in Fig. 6(a). The corresponding rising and falling time
of the measured periodic signal are evaluated. The rising and falling time are defined as the time
interval between 10% and 90% of the maximum voltage at the rising and falling edges, respectively,
and they are estimated to be 0.12 s and 0.02 s, as shown in Fig. 6(b). Both the rising and falling
time are much smaller than 1 s, implying fast response of the sensor for the purpose of rapid
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Fig. 6. (a) Measured voltage as a function of time on oscilloscope when periodic side pressure with
different amplitudes are applied; (b) response time of the sensor based on light coupling from twisted
silicone/silica composite optical fibers.

side pressure sensing. The rapid response can be attributed to the use of hyperelastic silicone
material as the fiber cladding, as hyperelastic organic silicon materials, e.g., polydimethylsiloxane
and silicone, usually exhibit relaxation time in the range of millisecond (~10 ms) when the pressure
is completely released [17]-[19].

4. Conclusion

In conclusion, we have fabricated a composite optical fiber with hyperelastic silicone cladding and
silica core and used it to monitor small side pressure at high sensitivity. A very simple pressure
sensing configuration based on light coupling between two such composite fibers twisted together
has been proposed and experimentally demonstrated. The soft silicone cladding has much smaller
Young’s modulus (e.g., three orders smaller than PMMA, four orders smaller than silica) which
makes the fiber deformation easier under external pressure and hence improves the light coupling
and pressure sensitivity. Simulation and experiment have been conducted to show the high pressure
sensitivity offered by the composite fibers when compared with conventional silica fibers and PMMA
polymer fibers. Both static and dynamic pressure with amplitude of several newtons have been
successfully detected with excellent sensitivity and fast response time (<<1 s). The sensing scheme
does not require any complicated fiber structures and would be a cost-effective way of monitoring
small pressure at high sensitivity.

References

[1]1 Z. Fang, K. K. Chin, R. Qu, and H. Cai, Fundamentals of Optical Fiber Sensors. Hoboken, NJ, USA: Wiley, 2012.

[2] A.P. Zhang, B. O. Guan, X. M. Tao, and H. Y. Tam, “Experimental and theoretical analysis of fiber Bragg gratings under
lateral compression,” Opt. Commun., vol. 206, no. 1-3, pp. 81-87, 2002.

[3] W. Zhang, D. J. Webb, and G. D. Peng, “Investigation into time response of polymer fiber bragg grating based humidity
sensors,” J. Lightw. Technol., vol. 30, no. 8, pp. 1090-1096, Apr. 2012.

[4] Y.Lu, C. Shen, C. Zhong, D. Chen, X. Dong, and J. Cai, “Refractive index and temperature sensor based on double-pass
M-Z interferometer with an FBG,” IEEE Photon. Technol. Lett., vol. 26, no. 11, pp. 1124-1127, Jun. 2014.

[5] L. Jin, B. O. Guan, and H. Wei, “Sensitivity characteristics of fabry-perot pressure sensors based on hollow-core
microstructured fibers,” J. Lightw. Technol., vol. 31, no. 15, pp. 25262532, Aug. 2013.

[6] L.din, Z. Quan, L. Cheng, and B.-O. Guan, “Hydrostatic pressure measurement with heterodyning fiber grating lasers:
Mechanism and sensitivity enhancement,” J. Lightw. Technol., vol. 31, no. 9, pp. 1488-1494, May 2013.

[7] Z. Li et al., “Highly-sensitive gas pressure sensor using twin-core fiber based in-line Mach-Zehnder interferometer,”
Opt. Exp., vol. 23, no. 5, pp. 6673-6678, 2015.

[8] W. Talataisong, D. N. Wang, R. Chitaree, C. R. Liao, and C. Wang, “Fiber in-line Mach—Zehnder interferometer based
on an inner air-cavity for high-pressure sensing,” Opt. Lett., vol. 40, no. 7, pp. 1220-1222, 2015.

[9] J.Ma, J. Ju, L. Jin, and W. Jin, “A compact fiber-tip micro-cavity sensor for high-pressure measurement,” [EEE Photon.
Technol. Lett., vol. 23, no. 21, pp. 1561-1563, Nov. 2011.

Vol. 9, No. 6, December 2017 6805208



IEEE Photonics Journal Highly Sensitive Small Pressure Monitoring Using Hyperelastic

[10]
(1]
[12]
(13]
[14]
(18]
[16]
(17]
(18]
(19]
(20]
[21]
[22]
(23]
[24]

[25]
(26]

[27]
(28]

[29]
(30]
(31]

M. Yoon, S. Park, and Y. G. Han, “Simultaneous measurement of strain and temperature by using a micro-tapered fiber
grating,” J. Lightw. Technol., vol. 30, no. 8, pp. 1156—1160, Apr. 2012.

K. Bhowmik et al., “Experimental study and analysis of hydrostatic pressure sensitivity of polymer fibre bragg gratings,”
J. Lightw. Technol., vol. 33, no. 12, pp. 2456-2462, Jun. 2015.

Y. Liu, Z. Guo, Y. Zhang, K. S. Chiang, and X. Dong, “Simultaneous pressure and temperayure measurement with
polymer-coated fiber Bragg grating,” Electron. Lett., vol. 36, no. 6, pp. 564—-566, 2000.

Y. Zhang et al., “High-Sensitivity pressure sensor using a shielded polymer-coated fiber bragg grating,” IEEE Photo.
Technol. Lett., vol. 13, no. 6, pp. 618-619,, Jun. 2001.

E. Pinet, “Pressure measurement with fiber-optic sensors: Commercial technologies and applications,” Proc SPIE,
vol. 7753, 2011, Art. no. 775304.

I. P. Johnson, D. J. Webb, and K. Kalli, “Hydrostatic pressure sensing using a polymer optical fibre Bragg gratings,”
Proc. SPIE, vol. 8351, 2012, Art. no. 835106.

G. Rajan, B. Liu, Y. H. Luo, E. Ambikairajah, and G. D. Peng, “High sensitivity force and pressure measurements using
etched singlemode polymer fiber Bragg gratings,” IEEE Sensors J., vol. 13, no. 5, pp. 1794—-1800, May 2013.

S. C. B. Mannsfeld et al., “Highly sensitive flexible pressure sensors with microstructured rubber dielectric layers,”
Nature Mater., vol. 9, pp. 859-864, 2010.

J. Lee et al., “Conductive fiber-based ultrasensitive textile pressure sensor for wearable electronics,” Adv. Mater., vol. 27,
no. 15, pp. 2433-2439, 2015.

Q. Wang, M. Jian, C. Wang, and Y. Zhang, “Carbonized silk nanofiber membrane for transparent and sensitive electronic
skin,” Adv. Funct. Mater., vol. 27, no. 9, 2017, Art. no. 1605657.

A. Frutiger et al., “Capacitive soft strain sensors via multicore—shell fiber printing,” Adv. Mater., vol. 27, no. 15, pp. 2440—
2446, 2015.

O. Ziemann, J. Krauser, P. Zamzow, and W. Daum, POF-Handbook — Short Range Optical Transmission Systems,
2nd ed. New York, NY, USA: Springer-Verlag, 2008.

Y. Mizuno and K. Nakamura, “Potential of Brillouin scattering in polymer optical fiber for strain-insensitive high-accuracy
temperature sensing,” Opt. Lett., vol. 35, no. 23, pp. 3985-3987, 2010.

R. Kruglov, J. Vinogradov, O. Ziemann, S. Loquai, and C. A. Bunge, “10.7-Gb/s Discrete Multitone Transmission Over
50-m SI-POF Based on WDM Technology,” IEEE Photon. Tech. Lett., vol. 24, no. 18, pp. 1632—1634, Sep. 2012.

R. Kruglov et al., “21.4 Gb/s discrete multitone transmission over 50-m SI-POF employing 6-channel WDM,” in Proc.
Opt. Fiber Commun. Conf. Exhib., San Francisco, CA, USA: Mar. 2014, Paper Th2A.2.

A. Othonos, “Fiber Bragg gratings,” Rev. Sci. Instrum., vol. 68, pp. 4309—4341, 1997.

C. Markos, K. Vlachos, and G. Kakarantzas, “Bending loss and thermo-optic effect of a hybrid PDMS/silica photonic
crystal fiber,” Opt. Exp., vol. 18, no. 23, pp. 24344-24351, 2010.

A. W. Snyder, “Coupled-mode theory for optical fibers,” J. Opt. Soc. Amer., vol. 62, no. 11, pp. 1267-1277, 1972.

Y. L. Hou et al., “Polymer optical fiber twisted macro-bend coupling system for liquid level detection,” Opt. Exp., vol. 22,
no. 19, pp. 23231-23241, 2014.

L.C.S. Nunes, “Mechanical characterization of hyperelastic polydimethylsiloxane by simple shear test,” Mater. Sci. Eng.,
vol. 528, no. 3, pp. 1799-1804, 2011.

M. K. Szczurowski et al., “Measurements of stress-optic coefficient and Young’s modulus in PMMA fibers drawn under
different conditions,”Proc. SPIE, vol. 7741, 2010, Art. no. 77140G.

I. D. Johnston, D. K. McCluskey, C. K. L. Tan, and M. C. Tracey, “Mechanical characterization of bulk Sylgard 184 for
microfluidics and microengineering,” J. Micromech. Microeng., vol. 24, no. 3, 2014, Art. no. 035017.

Vol. 9, No. 6, December 2017 6805208




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


