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Abstract: Optical fiber sensors based on waveguide technology are promising and
attractive in chemical, biotechnological, agronomy, and civil engineering applications. A
microfluidic system equipped with a long-period fiber grating (LPFG) capable of
measuring chloride ion concentrations of several sample materials is presented. The
LPFG-based microfluidic platform was shown to be effective in sensing very small
quantities of samples and its transmitted light signal could easily be used as a measurand.
The investigated sample materials included reverse osmosis (RO) water, tap water, dilute
aqueous sample of sea sand soaked in RO water, aqueous sample of sea sand soaked in RO
water, dilute seawater, and seawater. By employing additionally a chloride ion-selective
electrode sensor for the calibration of chloride-ion concentration, a useful correlation
(R* = 0.975) was found between the separately-measured chloride concentration and the
light intensity transmitted through the LPFG at a wavelength of 1,550 nm. Experimental
results show that the sensitivity of the LPFG sensor by light intensity interrogation was
determined to be 5.0 x 10°® mW/mg/L for chloride ion concentrations below 2,400 mg/L.
The results obtained from the analysis of data variations in time-series measurements for
all sample materials show that standard deviations of output power were relatively small
and found in the range of 7.413 x 107°-2.769 x 10~ mW. In addition, a fairly small
coefficients of variations were also obtained, which were in the range of 0.03%—1.29% and
decreased with the decrease of chloride ion concentrations of sample materials. Moreover,
the analysis of stability performance of the LPFG sensor indicated that the random walk
coefficient decreased with the increase of the chloride ion concentration, illustrating that
measurement stability using the microfluidic platform was capable of measuring transmitted
optical power with accuracy in the range of —0.8569 mW/ JVh to —0.5169 mW/ /A .
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Furthermore, the bias stability was determined to be in the range of less than
6.134 x 10"* mW/h with 600 s time cluster to less than 1.412 x 10"° mW/h with 600 s time
cluster. Thus, the proposed LPFG-based microfluidic platform has the potential for civil,
chemical, biological, and biochemical sensing with aqueous solutions. The compact
(3.5 x 4.2 cm), low-cost, real-time, small-volume (~70 pL), low-noise, and high-sensitive
chloride ion sensing system reported here could hopefully benefit the development and
applications in the field of chemical, biotechnical, soil and geotechnical, and civil engineering.

Keywords: microfluidic; long-period fiber grating (LPFG); chloride ion; transmitted
optical power; random walk coefficient; bias stability

PACS: 07.60.Vg; 42.81.-1; 47.27 .nf.

1. Introduction

In recent years, the technology of fiber optic sensors has been applied to the field of structural
monitoring, infrastructure assessment, and some industrialized sectors [1-4]. The detection of chloride
ion is of great interest in a variety of industrial applications, including civil and environmental
monitoring, soil and geotechnical engineering, plant and crop science, food, bio-based and industrial
chemistry. In particular, the salt damage to concrete structures due to the corrosion of reinforced bars
in the marine environment is normally caused by the penetration of chloride ion into the concrete.
Industrial health monitoring of chloride-ion distributions along different locations inside concrete
structures in harsh saltwater environment is essential for the maintenance and management of
reinforced concrete structures [5,6]. Traditional methods of chloride-ion measurement involve
titrations, colorimeters, fluorescence quenching, or ion-selective electrodes. Most of the available
sensors are based on an electrochemical reaction that has low sensitivity and has difficult in sensing
ions at low concentration levels. Since chloride remains an important ion for sensing applications in
physiological samples, much effort have been involved to develop suitable chloride ion sensors for use
in chemical sensor applications. However, as has happened with other types of ion-concentration optical
sensors [7-11], only a limited number of highly selective optical chloride sensors have been
reported [6,12-16]. The most commonly reported techniques, in conjunction with an optical fiber, are
based on the development of sensitive sensing materials as matrix for entrapment of optical
transducers that can provide the function of selective exaction and chemical recognition of the analyte,
a few examples such as fluorescence quenching of a fluorophore immobilized on a polymeric matix [8],
Na' ions adsorption on sol-gen porous film [11], and ion-selective membranes deposited on dielectric
waveguides [9,10]. Among them, ionophore-based sensors are the most attractive and are routinely
used for the analysis of aqueous samples. However, the number of anion-selective ionophores that
have useful selectivity is still quite limited. For example, so far only a few number of selective
ionophores for chloride exist, such as indium(IIT) metalloporphyrins [17], alkyltin(IV) derivatives [18],
a hydrogen-bonding ionophore [19], and a [14] mercuracarborand-3 (MC-3) ionophore [12,13].
Chloride-ion concentrations have been reported using the mercuracarborand ionophore with
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mechanistic insights into the development of an optical chloride sensor [13]. A chloride optical sensor
based on a membrane with an optical response to chloride has been developed and the membrane
contains two luminophores displaying two largely different decay times [14]. The use of chloride
selective compounds associated with an optical sensor to detect chloride ion concentration has been
studied [15]. A novel transduction chemistry for preparing optical anion-selective polymeric films that
respond reversibly and selectively to chloride ion activity was demonstrated [16]. In addition, a
wireless, passive, remote-query sensor for monitoring sodium hypochlorite (bleach, NaOCI) solutions
has been reported [20]. The sensor is comprised of a magnetically-soft ferromagnetic ribbon, coated
with a layer of polyurethane and alumina, having a large and nonlinear permeability that supports
higher-order harmonics in response to a time varying magnetic field. This sensor platform could enable
long-term monitoring of sodium hypochlorite concentrations in the environment [20].

However, most of the reported methods require substantial or complicated instrumentation which in
general involves tedious laboratory procedures and cumbersome chemical processes. In recent years,
considerable research attention has focused on long-period fiber gratings (LPFGs) for many
applications due to their low insertion losses, low back-reflection, polarization independence, and
relatively simple fabrication. The LPFG is extremely sensitive to the refractive index (RI) of the
material surrounding the cladding surface, thus allowing it to be used as ambient RI or chemical
solution sensors [6,21-23]. The advantages of this type of grating sensor are their simple fabrication
and easy interrogation. Moreover, combined with the advantages of optical fibers, the sensor has the
potential capability for on-site, real-time, and remote sensing without the need for handling the
substance under test, can be easily multiplexed to enable high-throughput screening of chemical
reactions, and has the potential use for disposable sensors.

Many types of microfluidic chips with different sensing mechanisms have been used to detect the
concentration of chemical species such as chloride ion, salt, and sucrose. A micro-electro-mechanical
systems (MEMS) -based microfluidic system for measuring chemical concentration, fluid density and
specific gravity has been developed to measure methanol/water concentration versus density at
20 °C [24]. The realization of a liquid tunable long-period grating using multiphase droplet
microfluidics that is integrated onto a microfluidic chip to test de-ionized (DI) water and CaCl,
solutions using a 1,550 nm light source is reported in [25].

This study addresses the development of an LPFG-based microfluidic chip for chloride ion
measurement using different kinds of water and chloride ion concentration solutions. The use of hybrid
microfluidic chips and LPFG sensors are shown to have the advantages of sensing very small
quantities of samples, detections with high resolution and sensitivity, low cost, short times for data
acquisition and analysis—only transmitted optical power, and simple experimental setup devices for
different sample materials with or without chloride ion concentration. Furthermore, the combination of
a multi-D-shaped optical fiber and a microfluidic chip has successfully demonstrated the feasibility of
fabricating a class of high sensitive refractive-index sensor using only light intensity—transmitted
optical power [26]. In this scheme, only a laser diode source associated with an optical power meter is
required for signal interrogation. Expensive and high precision apparatus such as a broadband
amplified spontaneous emission (ASE) fiber source associated with a high-resolution optical spectrum
analyzer (OSA) is not necessary. Thus, the advantages of the microfluidic platform are simplicity,
compactness, low cost, small volume, high integration, and time savings for experiments. In this paper,
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we focused on the use of LPFG-based microfluidic chip as chloride ion concentration sensor and the
light intensity of the LPFG in the output power was used to quantify the chloride ion concentrations of
different kinds of waters, aqueous samples of sea sand soaked in RO water, and seawater. The
wavelength shift information was not used to quantify the chloride-ion concentration or the refractive
index of sample materials. Additionally, a chloride ion-selective electrode (ISE) sensor (CL-BTA,
Vernier) was employed and calibrated with high (1,000 mg/L) and low (10 mg/L) standard solutions.
The chloride ISE has a resolution about 0.7% of reading (1.8 + 0.013 or 35,500 + 250 mg/L) and was
used to measure chloride-ion concentrations in various samples with sea sand or seawater. Results
from these two sensors show a useful correlation (R* = 0.975) between the ISE-measured chloride
concentration and LPFG-measured transmitted light intensity at a wavelength of 1,550 nm (vide infra).
Thus, to the best if our knowledge, a microfluidic platform with a long-period fiber grating was able to
successfully perform for the first time chloride ion concentration measurements using different waters,
aqueous samples of sea sand soaked in RO water, and seawater.

2. Microfluidic Platform
2.1. Long-Period Fiber Grating

In general, an LPFG usually has a periodic refractive index modulation along the core of a
single-mode fiber, with a typical perturbation of An ~ 107, periods between 100 um ' mm and length
of 2-4 cm. The LPFG couples light from a guided fundamental core mode (LPy;) to different
forward-propagating cladding modes (HE;,) in an optical fiber, which is given by phase-matching
condition [23]:

2
ﬂcore ﬂladdzng T m:2>394a---- (1)

where S°

C

! and B Judding AT€ Propagating constants of the fundamental core mode and mth cladding
mode, respectively, and A is the period of grating. The coupling of the light into the cladding region
generates a series of resonant bands centered at wavelength 4, in the transmission spectrum. The
center wavelengths 4,, of an attenuation band are solutions of the following equation [23]:
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where 7. (n,,1n,,4,)is the effective index of the fundamental core mode at the wavelength of ,,, which

COF

is also dependent on the core refractive index n; and cladding refractive index n,. In Equation (2)
jﬁddmg’z n,A,)is the effective refractive index of the mth cladding mode at the wavelength A, which
is related to cladding refractive index n, and the refractive index of the surrounding medium n;,. When
the concentration or the refractive index of the surrounding medium changes, also ﬁglr[’deing (ny,n.,4,)
changes and a shift in the central wavelength can be obtained. The cladding modes are very sensitive
to change in the refractive index of the ambient (surrounding) environment.

Since Vengsarkar et al. [27] first reported the fabrication and some characteristics of LPFGs in
1996, various techniques for inscription of LPFGs in different types of optical fibers have been
demonstrated [28-34], just to name a few examples such as ultraviolet (UV) laser exposure [28],

Nd-YAG laser grooving [29], CO, laser irradiation [30], femtosecond laser exposure [31], electric arc
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discharge [32], ion beam implantation [33], and mechanically induced method [34]. The LPFGs are
typically characterized by their period, resonance wavelength, resonance width (full-width at half
maximum or FWHM) and strength (peak amplitude at resonance wavelength). The achieved resonance
width and strength for the fabricated LPFGs is shown Table 1. In this study, the LPFGs were
fabricated by the electric-arc discharge method [22] with hydrogen-free Corning SMF-28 fibers.
LPFGs are especially suitable for measurements and applications when liquids or solutions undergo a
change in temperature or RI which can be used for sensing temperatures, liquid-levels, and chloride
ions [4,6,21-23,35-40]. The experimental setup for LPFGs fabrication consists of a computer-controlled
electric-arc discharge associated with a translation stage, a broadband ASE fiber source and a
high-resolution OSA (ANDO AQ6315A) used to monitor in situ the transmission loss as the grating was
written.

Table 1. Review of the quality of reported LPFGs.

Method Period Resonance width Strength width
(jum) (nm) (dB)

UV laser [28] 400 51.5 —-18

Nd-YAG laser [29] 275 443 =36

CO, laser [30] 450 20.9 -8

fs laser [31] 460 42.9 -12

Electric discharge [32] 680 45.8 —-11

Ion implantation [33] 170 76.9 -15

mechanically induced [34] 630 48.4 -13

Figure 1. Transmission spectra of an LPFG measuring sample materials in air or in water.
The resonance wavelength of the LPFG in air = 1,577.8 nm.
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The electric-arc discharge-induced LPFGs were about 2.2-3.6 cm long and their grating periods
were about 600 pum. The transmission spectrum was interrogated during the writing and its
characteristics such as insertion loss, resonance peak wavelength, and peak depth were analyzed after
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the grating was written. With suitable fabrication parameters such as electric-arc discharge current,
discharge time, grating period, and scan speed, the resulting resonance wavelengths ranging from
1,200 nm to 1,600 nm with a greater than about 20 dB peak depth were obtained. The cladding mode
profiles of LPFGs are very sensitive to changes in the refractive index of the ambient (surrounding)
environment. Figure 1 shows the transmission spectra of an LPFG measuring sample materials in air or
in water at 25 Celsius. The resonance wavelength of the LPFG in air is 1,577.8 nm. This LPFGs sensor
was used to conduct our light intensity—transmitted optical power measurements for all experimental
sample materials presented in this paper.

2.2. Microfluidic Chip

Microfluidics is the science and technology of systems that process or manipulate small (about
nanoliter or picoliter volume) amounts of fluids, using channels with dimensions of tens to hundreds of
micrometers. The advantages of microfluidic technology include the ability to use very small
quantities of samples and reagents, and to carry out separations and detections with high resolution and
sensitivity, low cost, short times for analysis, and small footprints for the analytical devices [41-43].
The D-shaped fiber-optic sensing system with a microfluidic chip has successfully been used to
perform the RI sensing measurements for sucrose solutions with refractive indices in the range of
1.333 to 1.403 [26].

Recently, Rindorf ef al. [44] first presented the integration of a photonic crystal fiber (PCF)-based
optical sensor with a lab-on-chip component, where a 16-mm-long piece of microstructured optical fiber
(MOF) is incorporated into an optic-fluidic coupler chip, allowing the continuous control of liquid flow
through the MOF and simultaneous optical characterization. This biochip, with a capacity of analyzing
sample volumes down to 300 nL, was successfully used in a DNA capture experiment [44]. In addition,
Rindorf et al. [45] demonstrated that a long-period grating in a photonic crystal fiber (PCF-LPG) can
be used for sensitive biochemical sensing in the detection of biomolecules, in which a much smaller
sample volume is possible by using the holes in the cladding as microfluidic channels. Using the
device, the thicknesses of a monolayer of poly-L-lysine and double-stranded DNA was measured and
reported. The PCF-LPG grating has shown a sensitivity of approximately 1.4 nm/nm in terms of the
shift in resonance wavelength in nm per nm thickness of biomolecule layer [45]. Furthermore, Rindorf
and Bang [46] reported a highly sensitive refractometer based on a long-period grating in a
large-mode-area PCF. This sensor shows a maximum sensitivity of 1,500 nm/refractive index unit at a
refractive index of 1.33 and a minimal detectable index change of 2 x 10°. The high sensitivity is
obtained by infiltrating the sample into the holes of the PCF to give a strong interaction between the
sample and the probing field. The CO,-induced LPFGs are damage gratings [45,46]. Rindorf and
Bang [47] investigated the sensitivity of photonic crystal fiber grating sensors for biosensing, refractive
index, strain, and temperature sensing, in which it is found that the dispersion plays a central role in
determining the sensitivity, and that dispersion may enhance or suppress sensitivity as well as change the
sign of the resonant wavelength shifts. A quality factor, Q, rather than the sensitivity, has been proposed
for characterizing the performance of long period gratings sensors [47]. The Q factor is defined as the
ratio of resonant wavelength shift to the FWHM of resonance band. It is shown that for PCFs
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infiltrated with samples, the Q for refractive index sensing and biosensing may be improved by several
orders of magnitude by an appropriate choice of the hole diameter and pitch.

A microfluidic system with an LPFG, as a chemical sensor, has been established to carry out
chloride ion measurements. Figure 2(a) shows the schematic of the experimental setup for sample
material measurements with an LPFG-based microfluidic chip system and Figure 2(b) is a photograph
of this system, where the microfluidic chip is made of poly(methyl methacrylate) (PMMA). Figure 2(c)
is a photograph of the microfluidic chip and Figure 2(d) illustrates the structure and fluidic operation
of the microfluidic chip, which comprises of a pair of S-shape plates about 42 mm long and 35 mm
wide, fabricated by a computer-controlled engraving machine. The two S-shaped plates with a
microchannel made on one of the S-shape plates were then bonded together by hot-pressing
technology, applying heat in conjunction with mechanical pressure in an oven over 150 °C for several
minutes. The inlet and outlet orifices of the microfluidic chip are used to infuse the solution with
analyte (if any) flowing through the LPFG sensing fiber which is placed at the center of the reaction
microchannel. The reaction microchannel was 200 pum high and 200 um wide with a length of 28 mm.
When integrated with a grooved (D-type or U-type) optical fiber modified with self-assembled gold
nanoparticles which are functionalized with a receptor, this type of microfluidic chip has been shown,
both numerically and experimentally, to be an optimum design as fiber-optic localized plasmon
resonance biosensors to reduce sample and reagent volume, to shorten response time and analysis time,
and to increase sensitivity [43]. Therefore, the microfluidic platform formed with the integration of the
LPFG with a microfluidic chip could provide efficient performance on biochemical binding and could
induce chaotic advection to enhance the micro-fluid mixing in the microchannel. This compact and
low-cost sensor has potential applications in medical diagnostics, biochemical sensing, and
environmental monitoring, and can hopefully benefit the development and application of different
fields, such as material testing, plant and crop science, and civil and geotechnical engineering.

Figure 2. (a) Schematic of the experimental setup for chloride ion measurements using an
LPFG-based microfluidic chip system; (b) Photograph of the LPFG-based microfluidic
system; (¢) Photograph of the microfluidic chip; (d) 3D illustration of the structure and
fluidic operation of microfluidic chip (material: PMMA).
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3. Materials and Experiments
3.1. Materials

The LPFG-based microfluidic system was used to measure the attenuated light intensity in output
power or transmission loss of different chloride ion concentration aqueous samples from sea sand and
seawater, which were sampled at Mailiao Township of Yunlin County, Taiwan. Seawater contains about
34,000 ppm of dissolved salts. The chlorides of sodium, magnesium, and calcium, about 90.3%, are the
most abundant dissolved salts [5]. Thus, the study of those experimental materials with sea sand and
seawater presented here was mainly aimed to the real life application in civil engineering such as
reinforced concrete structures immersed in seawater or soils and aggregates containing chloride ions. It
is not intended for bio-sensing field which normally requires highly selective and sensitive methods to
sense target ions at low concentration.

The sample numbers (No.) and their corresponding material were as follows: No. 1: air, No. 2:
50-mL RO water, No. 3: 50-mL tap water, No. 4: 50-mL dilute aqueous sample of sea sand soaked in
RO water, sampling from 1,000-g oven-dry sea sand immersed in 1,600-mL RO water; No. 5: 50-mL
aqueous sample of sea sand soaked in RO water, sampling from 1,000-g oven-dry sea sand immersed
in 800-ml RO water, No. 6: 50-mL dilute seawater, sampling from 50-mL seawater mixed with 50-mL
RO water, and No. 7: 50-mL seawater. Since the higher sample Nos. possessed much higher chloride
ion concentrations, the time-series experiment was conducted in the order of Nos. 1 to 7.

As reported previously [26], the combination of a multi-D-shaped optical fiber and a microfluidic
chip has successfully demonstrated the feasibility of fabricating a class of high sensitive refractive-index
sensor using only light intensity—transmission loss [26]. The advantages of our current microfluidic
platform presented here are simplicity, compactness, low cost, real time measurements and small
volume (~70 pL), without using a broadband ASE fiber source and a high-resolution OSA, and time
savings for experiments. Thus, we aimed at the use of the LPFG-based microfluidic chip as a low-cost
and effective chloride ion concentration sensor based on light intensity modulation. Though LPFG
wavelength shifts have been shown to be a reliable, repeatable, and accurate measurand for several
different field applications [22], for simplicity the wavelength shifts were not used to measure the
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chloride ion values of different sample materials. Nevertheless, Figure 3 illustrates the feasibility of
using wavelength shifts of an LPFG-based microfluidic chip to measure different sample materials
with or without chloride ions.

Figure 3. Transmission spectra of an LPFG-based microfluidic chip measuring sample
materials with or without chloride ions. The resonance wavelength of the LPFG in air is

1,520.5 nm.
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The small size (3.5 x 4.2 cm) and highly integrated microfluidic platform was designed to perform
the chloride ion concentration measurements—transmitted optical power with different kinds of waters,
and aqueous samples from sea sand and seawater. Thus, this experiment only needs an optical power
meter with a broadband laser diode (LD) light source at a wavelength of 1,550 = 30 nm. The testing
was done in the following order: sample Nos. 1-3 (without chloride ion) were measured for 30 min,
and then sample Nos. 4—7 (with chloride ions) for 60 min, respectively. Thus, the chloride ion
measurements of sample materials were in time series as the sequence of Nos. 1 to 7. Prior to the
testing for sample Nos. 47, we used RO water to flush the microchannel and keep it clean. That could
ensure the sample materials were under stable conditions. For each run of optical power measurement,
there were a series of 1,800—3,600 data points.

3.2. Experimental Setup

The experimental setup for chloride ion measurements with the LPFG-based microfluidic system
consists of an LPFG, a microfluidic chip, an optical power meter (Advantest Q8221) with a broadband
LD light source, a computer using the LabVIEW software, and a GPIB controller connected with the
optical power meter [see Figure 2(a)]. Figure 4 shows the schematic of an automatic LPFG-based
sensing or monitoring system using this microfluidic platform, where T and R represent transmitting
and receiving processes, respectively.
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For the samples we studied, apart from the target anions such as chloride ions any other impurities
will modify the refractive index and appear as a change in the transmittance, each with its own
particular calibration to the concentration of that given impurity. In our samples associated with
seawater or sea sand about 90% or more of chemical compositions are chlorides of sodium,
magnesium, and calcium. To overcome this issue, a chloride ISE sensor (CL-BTA, Vernier), in
addition to the LPFG sensor, was employed to calibrate the chloride-ion concentration in reverse
osmosis water and aqueous solutions of sea sand or seawater.

Figure 4. Schematic of an automatic LPFG-based sensing or monitoring system using the
microfluidic platform (T: transmitting; R: receiving).
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The results obtained by the two sensors (vide infra), showing a strong linear relationship
(R* = 0.975) between transmitted light intensity and chloride ion concentration, suggest that the other
compositions or impurities in the samples either have the similar responses as those of chlorides or
have small or negligible contributions. In the former case, to precisely extract the calibration
parameters and exclude the contributions from any impurities it may require to establish one further
correlation between the ISE-measured chloride concentration and LPFG-measured light intensity
transmitted through the LPFG using different chloride ion-containing aqueous solutions such as NaCl
(aq), MgCl; (aq), and CaCl, (aq). An experiment to resolve this issue will be conducted shortly and
results will be reported elsewhere.

During the course of data measurement we have maintained the strain, bending, and temperature
conditions quite stable in the laboratory so that they were not of concern in this work. For precise
measurement, we kept the experimental setup and sample materials at a constant ambient temperature
(within 0.1 °C fluctuation). The LPFG sensing fiber was placed inside the microfluidic chip and a
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small fixed magnitude of tension was applied to minimize bending of the fiber. Therefore, the results
reported here were not influenced by the effects of temperature, strain and bending [see Figure 2(b)].

3.3. Statistics and Random Walk Coefficient

Several traditional statistic methods have been implemented to characterize the variations in those
time-series transmitted power measurements, including average (mW), standard deviation (mW), range
(mW), and coefficient of variation (CV, %). In addition, random walk coefficient (RWC, mW/ Jh )
and bias stability (BS, mW/h with time cluster), which are well suited for analysis of stability
performance [48-50], were employed to evaluate the long-term variations in concentration
measurement. RWC is defined as the slope of Allan variance plot (Allan deviations of transmitted
optical power versus time cluster) before Allan deviation approaches the minimum value. The Allan
variance is computed for many different sampling times ranging from 1 s to 600 s or more. The bias
stability is then obtained as the minimum Allan deviation and occurs at the corresponding time
cluster [48-50]. These two parameters, RWC and BS, were used to analyze the chloride ion
measurement stability—attenuated light intensity in output power of the microfluidic platform for
sample Nos. 1-7 and were compared with the results from traditional statistics, such as average (mW),
standard deviation (mW), range (mW), and co efficient of variation (CV, %).

4. Results and Discussion

In this study, an LPFG sensor of resonance wavelength at 1,577.8 nm were used to collect data
from the time series of transmitted power measurement for Nos. 1-7, which responded linearly and
reversibly with respect to the change of chloride ion concentration. The results of chloride ion
measurements were plotted and analyzed for the transmitted optical power and chloride ion
concentration. Figure 5(a) shows the time-series plot of transmitted optical power (mW) versus time
(min) for measurements of sample materials, in which the sample No. is marked with blue font. The
plot of average optical power versus time for sample materials is shown in Figure 5(b). In addition, the
results obtained using the chloride ISE sensor have been plotted as the average chloride ion
concentrations versus time for different solutions (see Figure 6). Figure 6 shows the graph of chloride
concentration (by mg/L, ppm, or and percent concentration by weight) obtained by the chloride ISE
versus time (min). With a linear regression analysis, the graph of chloride ion concentrations versus
transmitted optical power is shown in Figure 7. The results from these two sensors show that the
relationship between transmitted light intensities in output power and different chloride ion
concentration solutions was close to linear (R* = 0.975). The transmitted optical power of the sample
solutions decreased as the chloride ion concentration increased. Thus, the proposed LPFG-based
microfluidic platform possessed the potential to measure the different chloride ion concentrations of an
aqueous solution.

Note that, as shown in Figure 8, the laser diode used for measurement was a broadband light source
with a wavelength centered at 1,550 + 30 nm, which covers a wide range of wavelengths and has
sufficient intensity at a wavelength in the tail of the attenuation band (1,577.8 nm) shown in Figure 1
for measurements.
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Figure 5. (a) Plot of transmitted optical power versus time for measurements of sample
materials; (b) Plot of average transmitted optical power versus time for measurements of
sample materials.
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Figure 6. Plot of average chloride ion concentration versus time for measurements of
sample materials.
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Figure 8. The spectrum of laser diode light source with a wavelength centered at 1550 = 30 nm.
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Using this wavelength associated with the microfluidic LPFG sensor, we have found a relatively
linear relationship between the transmitted light intensity and chloride ion concentration in the
samples. The is due to the fact that the cladding modes are very sensitive to changes in the ambient
refractive index (ARI) of the surrounding environment, particularly when ARI is higher than that of
the cladding. It has been shown theoretically and experimentally that the change of resonant
wavelength or sensitivity monotonically increases as the ARI approaches that of the cladding [23,51-53].
In our study, as shown in Figures 1 and 3, we found that amplitude (or intensity) change of resonant
wavelength follows the similar trend as that of wavelength change. Thus, compared with the data
shown in Figures 1 and 3 from the two different LPFGs, the one with the intensity at resonance
wavelength of 1,577.8 nm was a better sensor for chloride measurements.

Figure 9 displays the RWCs for measurements of sample Nos. 1-7. All RWCs (mW/\/Z ), BSs
(mW/h), and the average values (mW), standard deviations (mW), ranges (mW), and CVs (%) of
sample Nos. 1-7 were summarized in Table 2. The data variations were relatively small. The standard
deviations for sample Nos. 1-7 were in the range of 7.413 x 10°-2.769 x 10~ mW. The normalized
statistics—coefficient of variations (%) for sample Nos. 1-7 were in the range of 0.03%—-1.29% and
the CV value decreased as the chloride ion concentration of sample materials decreased.

The results from stability tests of transmitted optical power show that the random walk coefficients
of power variations were in the range of —0.8569 mW/ Vh to —0.5169 mW/+/h for sample Nos. 1-7.
The RWCs of sample Nos. 1-7, which are the slopes of Figure 9, decreased as the chloride ion
concentrations increased. Thus, the trend displayed that the chloride ion concentration increased as the
RWC decreased (or conversely, as CV increased). It can be seen that the bias stability was in the range
of less than 6.134 x 10° mW /h with 600 s time cluster to less than 1.412 x 10 mW/h with 600 s
time cluster for sample Nos. 1-7. Results presented here illustrate that the measurement stability of
sample Nos. 1-7 using the microfluidic platform, was capable of measuring transmitted optical power
with accuracy in the range of —0.8569 mW/ Jh to —0.5169 mW/ /% . The bias stability of measuring
transmitted optical power were found in the range of less than 6.134 x 10* mW/h with 600 s time
cluster to less than 1.412 x 10 mW/h with 600 s time cluster.
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Figure 9. Plot of Allan variance versus time cluster for measurements of sample materials.
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Table 2. Summary of statistics and random walk coefficients for measurements of sample materials.

Statistics and random walk coefficients

Bias stability*

. Standard ! 5 Random walk L.
(No.): Sample Average L. Range Cv .3 (mW/h; with the
(material) (mW) Deviation (mW) (%) coefficient correspondin

(1)
(mW) mW/\Jh ] P &
time cluster)

(1): Air 2.145x 107" | 7.413x107° | 3.458 x 107" | 3.456 x 1072 —0.8569 <6.134 x 107,600 s
(2): RO water 2260x 107" | 1.042x107* | 5203 x107* | 4.612%x10°* —0.7876 <1.222 x1077; 600 s
(3): Tap water 2256x107" | 1.133x107* | 5.197x107* | 5.024x 107 —0.7808 <1.253x107; 600 s
(4): Dilute 2217x10" | 7344 x 10 | 3.893x 107 | 3.312x 10" —0.5889 <3.432 x1077; 600 s

aqueous

sample of

sea sand

soaked in

RO water
(5): Aqueous 2205x107" | 1.202x 107 | 5235x107 | 5453 x 10" -0.5277 <5.408 x 1077; 600 s

sample of

sea sand

soaked in

RO water
(6): Dilute 2.172x 107" | 9.869x 107" | 8.042x 107 | 4.544 x 10" -0.5563 <5.108 x 1077; 600 s

seawater
(7): Seawater 2,148 x 107" | 2.769 x 107 | 1.026 x 107 1.289 -0.5169 <1.412 x10°% 600 s

! Range = The difference between maximum and minimum transmitted power values; > CV = Standard

deviation of transmitted power values/average of transmitted power values: coefficient of variation;

 Random walk coefficient (RWC) is defined as the slope of Allan variance plot (Allan deviations of

transmitted power versus time clusters) before Allan deviation approaches the minimum value;

* Bias stability (BS) is then obtained as the minimum Allan deviation and occurs at the corresponding time

cluster and BS is typically described within the minimum Allan deviation with the corresponding time cluster.

These two parameters were used to evaluate the sensing performance of microfluidic platform for all sample

materials.
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5. Conclusions

A microfluidic system for chloride ion measurement using a long-period fiber grating is presented.
The LPFG, as a high sensitive ion concentration or refractive-index sensor to detect changes in the
surrounding RI, was fabricated with an electric-arc discharge system. Several sample materials were
used for this study which included reverse osmosis water, tap water, dilute aqueous sample of sea sand
soaked in RO water, aqueous sample of sea sand soaked in RO water, dilute seawater, and seawater.
The realization of the sensor is through the measurement of transmitted light intensity of the sensing
fiber. A chloride ISE sensor was employed and calibrated with high (1,000 mg/L) and low (10 mg/L)
standard solutions to measure chloride-ion concentrations in osmosis water, dilute aqueous sample of
sea sand soaked in RO water, aqueous sample of sea sand soaked in RO water, dilute seawater, and
seawater. When exposing the microfluidic LPFG sensor to sample solutions of increasing chloride ion
concentration, the sensor response increases linearly (R* = 0.975). A fairly useful correlation is
established between the ISE-measured chloride ion concentration and the LPFG-measured light
intensity. The sensitivity of the LPFG fiber sensor by transmitted power interrogation was determined
to be 5.0 x 10"® mW/mg/L. Results obtained from this LPFG-based microfluidic platform illustrate the
feasibility of effective chloride ion detection in very small (~70 pL) seawater samples, in which the
majority of chemical components (~90%) are chlorides. For the study of the stability performance of
chloride ion measurement, random walk coefficients and bias stabilities were implemented and
proposed to compare with traditional statistics, which include averages, standard deviations, ranges,
and coefficient of variations. The coefficient of variations were found in the range of 0.03%—1.29%
and decreased with the decrease of the chloride ion concentration of sample materials. The stability
parameter RWC were calculated to be in the range of —0.8569/ Jh to —0.5169 mW/~/h and decreased
with the increase in chloride ion concentration.

Such microfluidic electric arc-induced LPFG fiber sensor exhibit some promising features for
sensor applications, such as simple, small size (3.5 x 4.2 cm), real time, small volume (~70 pL), low
noise (~7.413 x 107°-2.769 x 107 mW), excellent measurement stability (—0.8569 mW/ Jh to
—0.5169 mW/\/Z) and bias stability (less than 6.134 x 10° mW/h to less than 1.412 x 10° mW/h

with 600 s time cluster). Therefore, studies presented here successfully demonstrate the feasibility of
fabricating a class of high sensitive chloride-ion sensor based on the LPFG-based microfluidic
platform written by electric arc discharge, which has the potential for chemical, biological, and
biochemical sensing with aqueous solutions. The compact, highly integrated, low cost, small volume,
and high sensitive chloride ion sensing system reported here could hopefully benefit the development
and applications in the field of chemical, biotechnical, soil and geotechnical, and civil engineering.
Further improvements will be made by fabricating the microfluidic system as a highly selective
chloride sensor suited for measuring a wider range of samples. Note that it is not a trivial work for the
proposed LPFG system, simply relying on the performance of a microfluidic LPFG sensor alone, to
limit the response strictly to the presence of chlorides. When a wider range of samples are considered,
the LFPG sensor can further be fabricated as a highly selective chloride sensor, similar to those
biosensor-based methods, by binding (or immobilizing) a thin layer of chloride-sensing material
(e.g., nanoparticles, quantum dots, or optical anion-selective polymeric film/membrane) on the
cladding surface of the LPFG fiber that respond reversibly and selectively to chloride ion activity.
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To further fabricate the LFPG sensor as a highly selective chloride sensor is encouraging and will be
studied shortly.

Acknowledgments

The author thanks Jaw-Luen Tang, Wei-Te Wu and Chien-Hsing Chen for the fabrication of
microfluidic chip and their advice on experiment, Chen-Han Jan and Po-Kai Wu for their advice, and
Ching-Ying Luo and Wei-Kai Hsu for their laboratory assistance. The partial support of the National
Science Council (NSC) of Taiwan under Contract Nos. NSC 95-2122-M-194-013, NSC 95-3114-P-
194-001-MY3, NSC 96-2112-M-194-004-MY3, NSC 97-2111-E-224-050, NSC 98-2111-E-224-060,
NSC 99-2112-M-194-004-MY 3, and NSC 99-2221- E-224-055-MY?2 is gratefully acknowledged.

References and Notes

1. Udd, E. Fiber optic smart structures. Proc. [EEE 1996, 84, 884-894.

2. Culshaw, B.; Dakin, J. Optical Fiber Sensors: Applications, Analysis, and Future; Artech House:
Boston, MA, USA, 1997.

3. Moyoa, P.; Brownjohnb, J. M.W.; Sureshc, R.; Tjinc, S.C. Development of fiber Bragg grating
sensors for monitoring civil infrastructure. Eng. Struct. 2005, 27, 1828-1834.

4. Wang, J.-N.; Tang, J.-L. Feasibility of fiber Bragg grating and long-period fiber grating sensors
under different environmental conditions. Sensors 2010, 10, 10105-10127.

5. Mindess, S.; Young, J.F.; Darwin, D. Concrete, 2nd ed.; Person: Taipei, Taiwan, 2001;
pp. 119-120; 496-497.

6. Tang, J.-L.; Wang, J.-N. Measurement of chloride ion concentration in concrete structures with
long-period grating technology. Smart Mater. Struct. 2007, 16, 665-672.

7. Bright, F.V.; Poirier, G.E.; Hieftje, G.M. A new ion sensor based on fiber optics. Talanta 1988,
35,113-118.

8. Noiré, M.H.; Duréault, B. A ferrous ion optical sensor based on fluorescence quenching. Sens.
Actuat. B 1995, 29, 386-391.

9. Freiner, D.; Kunz, R.E.; Citterio, D.; Spichiger, U.E.; Gale, M.T. Optical sensors based on
refractometry of ion-selective membranes. Sens. Actuat. B 1995, 29, 277-285.

10. Toth, K.; Nagy, G.; Lan, B.T.T.; Jeney, J.; Choquette, S.J. Planar waveguide ion-selective sensors.
Anal. Chim. Acta 1997, 353, 1-10.

11. Rayss, J.; Sudolski, G.; Gorgol, A.; Janusz, W.; Gagan, A.M. Optical aspects of Na+ ions
adsorption on sol-gel porous films used in optical fiber sensors. J. Colloid Interf. Sci. 2002, 250,
168-174.

12. Xu, C.; Qin, Y.; Bakker, E. Optical chloride sensor based on [9]mercuracarborand-3 with
massively expanded measuring range. Talanta 2004, 63, 180-184.

13. Ceresa, A.; Qin, Y.; Peper, S.; Bakker, E. Mechanistic insights into the development of optical
chloride sensors based on the [9]mercuracarborand-3 ionophore. Anal. Chem. 2003, 75, 133-140.

14. Huber, C.; Klimant, I.; Krause, C.; Woltbeis, O.S. Dual lifetime referencing as applied to a
chloride optical sensor. Anal. Chem. 2001, 73, 2097-2103.



Sensors 2011, 11 8566

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Schazmann, B.; Alhashimy, N.; Diamond, D. Chloride selective calix[4]arene optical sensor
combining urea functionality with pyrene excimer transduction. J. Am. Chem. Soc. 2006, 128,
8607-8614.

Zhang, W.; Rozniecka, E.; Malinowska, E.; Parzuchowski, P.; Meyerhoff, M.E. Optical chloride
sensor based on dimer-monomer equilibrium of indium(III) octaethylporphyrin in polymeric film.
Anal. Chem. 2002, 74, 4548-4557.

Park, S.B.; Matuszewski, W.; Meyerhoff, M.E.; Liu, Y.H.; Kadish, K.M. Potentiometric anion
selectivities of polymer membranes doped with indium(III) porphyrins. Electroanalysis 1991, 3,
909-916.

Tan, S.S.S.; Hauser, P.C.; Wang, K.; Fluri, K.; Seiler, K.; Rusterholz, B.; Suter, G.; Kriittli, M.;
Spichiger, U.E.; Simon, W. Reversible optical sensing membrane for the determination of
chloride in serum. Anal. Chim. Acta 1991, 255, 35-44.

Xiao, K.P.; Biithlmann, P.; Nishizawa, S.; Amemiya, S.; Umezawa, Y. A chloride ion-selective
solvent polymeric membrane electrode based on a hydrogen bond forming ionophore. Anal. Chem.
1997, 69, 1038-1044.

Ong, K.G.; Paulose, M.; Grimes, C.A. A wireless, passive, magnetically-soft harmonic sensor for
monitoring sodium hypochlorite concentrations in water. Sensors 2003, 3, 11-18.

James, S.W.; Tatam, R.P. Optical fibre long-period grating sensors: characteristics and application.
Meas. Sci. Technol. 2003, 14, R49-R61.

Rego, G.; Okhotnikov, O.; Dianov, E.; Sulimov, V. High temperature stability of long-period
fiber gratings produced using an electric arc. J. Lightwave Technol. 2001, 19, 1574-1579.

Patrick, H.; Kersey, A.; Bucholtz, F. Analysis of the response of long period fiber gratings to
external index of refraction. J. Lightwave Technol. 1998, 16, 1606-1612.

Sparks, D.; Smith, R.; Straayer, M.; Cripe, J.; Schneider, R.; Chimbayo, A.; Anasari, S.; Najafi, N.
Measurement of density and chemical concentration using a microfluidic chip. Lab Chip 2003, 3,
19-21.

Chin, L.K.; Liu, A.Q.; Zhang, J.B.; Lim, C.S.; Soh, Y.C. An on-chip liquid tunable grating using
multiphase droplet microfluidics. Appl. Phys. Lett. 2008, 93, 164107; doi:10.1063/1.3009560.
Chen, C.-H.; Tsao, T.-C.; Tang, J.-L.; Wu, W.-T. A multi-d-shaped optical fiber for refractive
index sensing. Sensors 2010, 10, 4794-4804.

Vengsarkar, A.M.; Lemaire, P.J.; Judkins, J.B.; Bhatia, V.; Erdogan, T.; Sipe, J.E. Long-period
fiber gratings as band-rejection filters. J. Lightwave Technol. 1996 14, 58-65.

Guan, B.-O.; Tam, H.-Y.; Ho, S.-L.; Liu, S.-Y.; Dong, X.-Y. Growth of long-period gratings in
H,-loaded fiber after 193-nm UV inscription. [EEE Photonics Technol. Lett. 2000, 12, 642-644.
Blows, J.; Tang, D.Y. Gratings written with tripled output of Q-switched Nd: YAG laser. Electron.
Lett. 2000, 36, 1837-1839.

Drozin, L.; Fonjallaz, P.-Y.; Stensland, L. Long-period fibre gratings written by CO, exposure of
H,-loaded, standard fibres. Electron. Lett. 2000, 36, 742-744.

Kondo, Y.; Nouchi, K.; Mitsuyu, T.; Watanabe, M.; Kazansky, P.G.; Hirao, K. Fabrication of
long-period fiber gratings by focused irradiation of infrared femtosecond laser pulses. Opt. Lett.
1999, 24, 646-648.



Sensors 2011, 11 8567

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44,

45.

46.

47.

48.

49.

50.

Palai, P.; Satyanarayan, M.N.; Das, M.; Thyagarajan, K.; Pal, B.P. Characterisation and
simulation of long period gratings fabricated using electric discharge. Opt. Commun. 2001, 193,
181-185.

Fujimaki, M.; Ohki, Y.; Brebner, J.L.; Roorda, S. Fabrication of long-period optical fiber gratings
by use of ion implantation. Opt. Lett. 2000, 25, 88-89.

Savin, S.; Digonnet, M.J.F.; Kino, G.S.; Shaw, H.J. Tunable mechanically induced long-period
fiber gratings. Opt. Lett. 2000, 25, 710-712.

Bey, S.K.A.K.; Lama, C.C.C.; Suna, T.; Grattana, K.T.V. Chloride ion optical sensing using a
long period grating pair. Sens. Actuat. A 2008, 141, 390-395.

Falciai, R.; Mignania, A.G.; Vanninia, A. Long period gratings as solution concentration sensors.
Sens. Actuat. B 2001, 74, 74-77.

Tang, J.-L.; Wang, J.-N. Chemical sensing sensitivity of long-period grating sensor enhanced by
colloidal gold nanoparticles. Sensors 2008, 8, 171-184.

Bhatia, V.; Campbell D.K.; Sherr D.; Tiffanie, G.D.; Noel, A.Z.; Gregory, A.; Kent, A.M.;
Clau, R.O. Temperature-insensitive and strain-insensitive long-period gratings sensor for smart
structures. Opt. Eng. 1997, 36, 1872-1876.

Bhatia, V.; Tiffanie, G.D.; Noel, A.Z.; Clau, R.O. Temperature-insensitive long-period grating for
strain and refractive index sensing. Proc. SPIE 1997, 3042, 194-202.

Khaliq, S.; James, S.W.; Tatam, R.P. Fiber-optic liquid-level sensor using a long-period grating.
Opt. Lett. 2001, 26, 1224-1226.

Whitesides, G.M. The origins and the future of microfluidics. Nature 2006, 442, 368-373.

Stone, H.A.; Kim, S. Microfluidics: Basic issues, applications, and challenges. AIChE J. 2001, 47,
1250-1254.

Huang, C.T.; Jen, C.P.; Chao, T.C.; Wu, W.T.; Li, W.Y.; Chau, L.K. A novel design of grooved
fibers for fiber-optic localized plasmon resonance biosensors. Sensors 2009, 9, 6456-6470.
Rindorf, L.; Hoiby, P.E.; Jensen, J.B.; Pedersen, L.H.; Bang, O.; Geschke, O. Towards biochips
using microstructured optical fiber sensors. Anal. Bioanal. Chem. 2006, 385, 1370-1375.

Rindorf, L.; Jensen, J.B.; Dufva, M.; Hoiby, P.E.; Pedersen, L.H.; Bang, O. Photonic crystal fiber
long-period gratings for biochemical sensing. Opt. Express 2006, 14, 8224-8231.

Rindorf, L.; Bang, O. Highly sensitive refractometer with a photonic-crystal-fiber long-period
grating. Opt. Lett. 2008, 33, 563-565.

Rindorf, L.; Bang, O. Sensitivity of photonic crystal fiber grating sensors: biosensing, refractive
index, strain, and temperature sensing. J. Opt. Soc. Am. B 2008, 25, 310-324.

Sabatini, A.M. A wavelet-based bootstrap method applied to inertial sensor stochastic error
modelling using the Allan variance. Meas. Sci. Technol. 2006, 17, 2980-2988.

IEEE Standard 952-1997. IEEE Standard Specification Format Guide and Test Procedure for
Single-Axis Interferometric Fiber Optic Gyros; 1997. Available online: http://standards.ieee.org/
findstds/standard/952-1997.html (accessed on 28 September 2010).

Stockwell, W. Bias Stability Measurement: Allan Variance; Crossbow Technology Inc.: Milpitas,
CA, USA, 2004. Available online: http://www.xbow.com/Support/Support pdf files/Bias Stability
Measurement.pdf (accessed on 28 September 2010).



Sensors 2011, 11 8568

51. Lee, B.H.; Liu, Y.; Lee, S.B.; Choi, S.S.; Jang, J.N. Displacements of the resonant peaks of a
long-period fiber grating induced by a change of ambient refractive index. Opt. Lett. 1997, 22,
1769-1771.

52. Hou, R.; Ghassemlooy, Z.; Hassan, A.; Lu, C.; Dowker, K. Modelling of long-period fibre grating
response to refractive index higher than that of cladding. Meas. Sci. Technol. 2001, 12, 1709-1713.

53. Yin, S.Z.; Chung, K.W.; Zhu, X. A highly sensitive long period grating based tunable filter using
a unique double-cladding layer structure. Opt. Commun. 2001, 188, 301-305.

© 2011 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AgencyFB-Bold
    /AgencyFB-Reg
    /AharoniBold
    /Algerian
    /AngsanaNew
    /AngsanaNew-Bold
    /AngsanaNew-BoldItalic
    /AngsanaNew-Italic
    /AngsanaUPC
    /AngsanaUPC-Bold
    /AngsanaUPC-BoldItalic
    /AngsanaUPC-Italic
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArialUnicodeMS
    /Basemic
    /BaskOldFace
    /Batang
    /BatangChe
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BlackadderITC-Regular
    /BodoniMT
    /BodoniMTBlack
    /BodoniMTBlack-Italic
    /BodoniMT-Bold
    /BodoniMT-BoldItalic
    /BodoniMTCondensed
    /BodoniMTCondensed-Bold
    /BodoniMTCondensed-BoldItalic
    /BodoniMTCondensed-Italic
    /BodoniMT-Italic
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BradleyHandITC
    /BritannicBold
    /Broadway
    /BrowalliaNew
    /BrowalliaNew-Bold
    /BrowalliaNew-BoldItalic
    /BrowalliaNew-Italic
    /BrowalliaUPC
    /BrowalliaUPC-Bold
    /BrowalliaUPC-BoldItalic
    /BrowalliaUPC-Italic
    /BrushScriptMT
    /Calibri
    /Calibri-Bold
    /Calibri-BoldItalic
    /Calibri-Italic
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /CalisMTBol
    /CalistoMT
    /CalistoMT-BoldItalic
    /CalistoMT-Italic
    /Cambria
    /Cambria-Bold
    /Cambria-BoldItalic
    /Cambria-Italic
    /CambriaMath
    /Candara
    /Candara-Bold
    /Candara-BoldItalic
    /Candara-Italic
    /Castellar
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /Consolas
    /Consolas-Bold
    /Consolas-BoldItalic
    /Consolas-Italic
    /Constantia
    /Constantia-Bold
    /Constantia-BoldItalic
    /Constantia-Italic
    /CooperBlack
    /CopperplateGothic-Bold
    /CopperplateGothic-Light
    /Corbel
    /Corbel-Bold
    /Corbel-BoldItalic
    /Corbel-Italic
    /CordiaNew
    /CordiaNew-Bold
    /CordiaNew-BoldItalic
    /CordiaNew-Italic
    /CordiaUPC
    /CordiaUPC-Bold
    /CordiaUPC-BoldItalic
    /CordiaUPC-Italic
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /CurlzMT
    /David-Bold
    /David-Reg
    /DavidTransparent
    /DejaVuSans
    /DejaVuSans-Bold
    /DejaVuSans-BoldOblique
    /DejaVuSansCondensed
    /DejaVuSansCondensed-Bold
    /DejaVuSansCondensed-BoldOblique
    /DejaVuSansCondensed-Oblique
    /DejaVuSans-ExtraLight
    /DejaVuSansMono
    /DejaVuSansMono-Bold
    /DejaVuSansMono-BoldOblique
    /DejaVuSansMono-Oblique
    /DejaVuSans-Oblique
    /DejaVuSerif
    /DejaVuSerif-Bold
    /DejaVuSerif-BoldItalic
    /DejaVuSerifCondensed
    /DejaVuSerifCondensed-Bold
    /DejaVuSerifCondensed-BoldItalic
    /DejaVuSerifCondensed-Italic
    /DejaVuSerif-Italic
    /DilleniaUPC
    /DilleniaUPCBold
    /DilleniaUPCBoldItalic
    /DilleniaUPCItalic
    /Dotum
    /DotumChe
    /EdwardianScriptITC
    /Elephant-Italic
    /Elephant-Regular
    /EngraversMT
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /EstrangeloEdessa
    /Euclid
    /Euclid-Bold
    /Euclid-BoldItalic
    /EuclidExtra
    /EuclidExtra-Bold
    /EuclidFraktur
    /EuclidFraktur-Bold
    /Euclid-Italic
    /EuclidMathOne
    /EuclidMathOne-Bold
    /EuclidMathTwo
    /EuclidMathTwo-Bold
    /EuclidSymbol
    /EuclidSymbol-Bold
    /EuclidSymbol-BoldItalic
    /EuclidSymbol-Italic
    /EucrosiaUPC
    /EucrosiaUPCBold
    /EucrosiaUPCBoldItalic
    /EucrosiaUPCItalic
    /FelixTitlingMT
    /FencesPlain
    /FixedMiriamTransparent
    /FootlightMTLight
    /ForteMT
    /FranklinGothic-Book
    /FranklinGothic-BookItalic
    /FranklinGothic-Demi
    /FranklinGothic-DemiCond
    /FranklinGothic-DemiItalic
    /FranklinGothic-Heavy
    /FranklinGothic-HeavyItalic
    /FranklinGothic-Medium
    /FranklinGothic-MediumCond
    /FranklinGothic-MediumItalic
    /FrankRuehl
    /FreesiaUPC
    /FreesiaUPCBold
    /FreesiaUPCBoldItalic
    /FreesiaUPCItalic
    /FreestyleScript-Regular
    /FrenchScriptMT
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /GentiumBasic
    /GentiumBasic-Bold
    /GentiumBasic-BoldItalic
    /GentiumBasic-Italic
    /GentiumBookBasic
    /GentiumBookBasic-Bold
    /GentiumBookBasic-BoldItalic
    /GentiumBookBasic-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Gigi-Regular
    /GillSansMT
    /GillSansMT-Bold
    /GillSansMT-BoldItalic
    /GillSansMT-Condensed
    /GillSansMT-ExtraCondensedBold
    /GillSansMT-Italic
    /GillSans-UltraBold
    /GillSans-UltraBoldCondensed
    /GloucesterMT-ExtraCondensed
    /GoudyOldStyleT-Bold
    /GoudyOldStyleT-Italic
    /GoudyOldStyleT-Regular
    /GoudyStout
    /Gulim
    /GulimChe
    /Gungsuh
    /GungsuhChe
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /ImprintMT-Shadow
    /InformalRoman-Regular
    /IrisUPC
    /IrisUPCBold
    /IrisUPCBoldItalic
    /IrisUPCItalic
    /JasmineUPC
    /JasmineUPC-Bold
    /JasmineUPC-BoldItalic
    /JasmineUPC-Italic
    /Jokerman-Regular
    /JuiceITC-Regular
    /Kartika
    /Kingsoft-Phonetic
    /KodchiangUPC
    /KodchiangUPC-Bold
    /KodchiangUPC-BoldItalic
    /KodchiangUPC-Italic
    /KristenITC-Regular
    /KunstlerScript
    /Latha
    /LatinWide
    /LevenimMT
    /LevenimMTBold
    /LiberationSansNarrow
    /LiberationSansNarrow-Bold
    /LiberationSansNarrow-BoldItalic
    /LiberationSansNarrow-Italic
    /LilyUPC
    /LilyUPCBold
    /LilyUPCBoldItalic
    /LilyUPCItalic
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSans-TypewriterBoldOblique
    /LucidaSans-TypewriterOblique
    /LucidaSansUnicode
    /Magneto-Bold
    /MaiandraGD-Regular
    /Mangal-Regular
    /MaturaMTScriptCapitals
    /MicrosoftSansSerif
    /MingLiU
    /Miriam
    /MiriamFixed
    /MiriamTransparent
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Gothic
    /MS-Mincho
    /MSOutlook
    /MS-PGothic
    /MS-PMincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MS-UIGothic
    /MT-Extra
    /MVBoli
    /Narkisim
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NSimSun
    /OCRAExtended
    /OldEnglishTextMT
    /Onyx
    /OpenSymbol
    /PalaceScriptMT
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Papyrus-Regular
    /Parchment-Regular
    /Perpetua
    /Perpetua-Bold
    /Perpetua-BoldItalic
    /Perpetua-Italic
    /PerpetuaTitlingMT-Bold
    /PerpetuaTitlingMT-Light
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Pristina-Regular
    /Raavi
    /RageItalic
    /Ravie
    /Rockwell
    /Rockwell-Bold
    /Rockwell-BoldItalic
    /Rockwell-Condensed
    /Rockwell-CondensedBold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /Rod
    /RodTransparent
    /ScriptMTBold
    /SegoeUI
    /SegoeUI-Bold
    /SegoeUI-BoldItalic
    /SegoeUI-Italic
    /ShowcardGothic-Reg
    /Shruti
    /SimHei
    /SimSun
    /SnapITC-Regular
    /Stencil
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /TwCenMT-Bold
    /TwCenMT-BoldItalic
    /TwCenMT-Condensed
    /TwCenMT-CondensedBold
    /TwCenMT-CondensedExtraBold
    /TwCenMT-Italic
    /TwCenMT-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /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

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. 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 Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 841.680]
>> setpagedevice


