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Polymer-Coated Fiber Bragg Grating Sensors
for Simultaneous Monitoring of
Soluble Analytes and Temperature

Ping Lu, Liqiu Men, and Qiying Chen

Abstract—A new fiber-optic sensor for simultaneous mea-
surement of water-soluble analytes and temperature with
polymer-coated fiber Bragg gratings (FBGs) is proposed. As
an application of the approach, simultaneous monitoring of the
concentration of sugar or potassium chloride (KCl) and tem-
perature has been achieved. Changes in these environmental
parameters result in different extents of either red- or blue-shifts
of the Bragg resonance wavelengths of the gratings. It has been
found that polyimide-coated FBG responds to variations of
both temperature and concentrations of soluble analytes, while
acrylate-coated FBG is sensitive to environmental temperature
only. The experimental results showed that the temperature
sensitivity of the acrylate-coated FBG, temperature, sugar, and
KCI concentration sensitivities of the polyimide-coated FBG are
0.0102 nm/°C, 0.0094 nm/°C, 0.0012 nm/°Bx, and 0.0126 nm/M,
respectively. The sensing mechanism of the polyimide-coated FBG
lies in the hygroscopic properties of the polyimide coating, which
result in the change of the strain of the fiber and, thus, the optical
properties of the grating. Since the sensor detects the analytes that
swell the polyimide coating and different analytes induce different
swelling effects, the sensor can detect different analytes without
prior knowledge once a calibration curve is developed.

Index Terms—Chemical sensor, fiber Bragg grating (FBG),
polymer, temperature sensor.

1. INTRODUCTION

IBER BRAGG GRATING (FBG) sensors have attracted
F considerable attention recently [1], [2]. Compared with
conventional electric sensors, FBG sensors exhibit many unique
advantages, for instance, immunity to electromagnetic interfer-
ence, compact size, low cost, compatibility with the existing
fiber-optic systems, and possibility of distributed measurement
over a long distance. FBG sensors have been reported to be
effective in monitoring various environmental parameters, in-
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cluding temperature, strain, tilt, torsion, flow, humidity, chem-
icals, gas, and structural health monitoring. For environmental
conservation, food industries, and biomedical applications, in
situ monitoring of physical, chemical, and biological param-
eters in water is of great importance, in which versatile sen-
sors are highly demanded to achieve simultaneous measurement
of temperature and different chemical parameters, for example,
concentrations of water-soluble analytes including sugar, metal
ions, metal compounds, and chemical traces. In practical appli-
cations, it is necessary for the sensor system to be capable of
measuring more than one of these parameters.

This paper reports a new scheme constructed with two dif-
ferent polymer-coated FBGs to achieve simultaneous measure-
ment of temperature and concentrations of water-soluble ana-
Iytes such as sugar and potassium chloride (KCl). Previous re-
search on the use of FBG sensors to measure the concentrations
of soluble analytes adopted etched fibers to measure the refrac-
tive indices of the materials [3]-[7]. Bennion et al. proposed
a dual-parameter optical sensor based on a hybrid long-period
grating—FBG structure in a D fiber to deduce the concentration
of an aqueous sugar solution from the measurement of its refrac-
tive index [3]-[5]. Iadicicco et al. reported the use of nonuni-
form thinned FBGs for self temperature compensated refrac-
tive index measurement, while the sugar concentration mea-
surement was carried out in nonisothermal condition [6], [7].
However, in these techniques, part of the cladding layer was
removed by wet chemical etching in a buffered hydrofluoric
acid (HF) solution, which made the sensors to be more fragile
and susceptible to damage by external force. In our approach,
two polymer materials, i.e., polyimide and acrylate, are used as
the fiber coating materials. Polyimide and acrylate have excel-
lent strength and can resist breakage, which are innocuity and
harmless to human-beings and the environment. On the other
hand, polyimide polymers are hygroscopic and swell in aqueous
media as the water molecules migrate into them [8]. In order to
achieve simultaneous measurement of temperature and concen-
trations of water-soluble analytes, our sensor system consisted
of two FBGs, in which an acrylate-coated FBG is not sensitive
to sugar or KCI concentration and functions as a temperature
sensor, while a polyimide-coated FBG is sensitive to sugar or
KCl concentration and acts as a chemical sensor. The experi-
mental results indicate that other water-soluble analytes can be
detected by this sensor system as well.

II. THEORY

The Bragg resonance wavelength of a grating, which is the
center wavelength of the light back-reflected from the Bragg
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grating, depends on both the effective refractive index n.g of the
fiber core and the periodic spacing between the grating planes A.
The effective refractive index and the periodicity of the grating
are susceptible to the changes in temperature and strain. For
a polymer-coated FBG, i.e., polyimide-coated FBG, subject to
changes in temperature and water concentration of the environ-
ment (relative humidity), the shift in the Bragg grating center
wavelength is given by [8]

Alp
AB

=S7rAT + SpgARH

[acf — Pe(oecf —ay) + C} AT
+ [Ber = PelBey = Bp| ARH (1)

where ST and Sry are the sensitivities of temperature and rel-
ative humidity, respectively. AT and ARH are the changes in
temperature and relative humidity accordingly. The subscript
stands for bare fiber (¢ = f) and coated fiber (: = cf). a;
is the thermal longitudinal expansion coefficient, and (; is the
hygroscopic longitudinal expansion coefficient, which is zero
for a bare fiber [8]. ( is the thermo-optic coefficient of the fiber
core, and 155 is the effective photoelastic coefficient of the coated
fiber.
The temperature sensitivity of the grating, S, is

N

S’T:acf—Pe(acf—af)+C. 2)

Since the hygroscopic longitudinal expansion coefficient of
the bare fiber 3; is zero, the relative humidity sensitivity of the
sensor, Sgy, can be expressed as

Srr = (1 = P.)B;. 3)

The polyimide coating swells after absorbing water, which
will stretch the fiber. The relative humidity around the poly-
imide-coated FBG can alter the longitudinal length of the
grating area and hence the water concentration in the polyimide
coating. The water accumulation and leakage in the coating
layer of the FBG is a diffusion process, which can be described
by Fick’s second law

Jdc 9
5 = DV-<c “4)
where c¢ is the water concentration, DD is the constant diffusion
coefficient, and ¢ is the diffusion time.

For radial diffusion in a cylinder as illustrated in Fig. 1, the
general diffusion equation shown in the above equation can be
expressed in cylindrical coordinates

Jdc 10 oc
The boundary condition for the diffusion mass entering the

polyimide coating at the position 7 along the direction of diffu-
sion at time ¢ is

cla<r<bt=0)=C
e(r=0,t>0) =Coxt

%(T:a,tZO):O (6)

Fig. 1. Schematic illustration of the distribution of the water concentration
along the cross section of the polymer-coated fiber.

where Cy and Cyy are the water concentrations corresponding
to different radial positions.

When the FBG is immersed in the water bath, it is reasonable
to consider the environmental medium as a source of constant
water concentration, in which the water outside the fiber will
diffuse into the fiber coating until it reaches equilibrium. The
solution of (5) is

c(r,t) = Cexser fe ( @)

r
\/4Dt) '

In the case when a soluble analyte is gradually added into the
water bath, the water concentration in the fiber coating will be
higher than that in the environmental medium and the water will
diffuse into the environmental medium from the fiber coating
until it reaches a new equilibrium. The solution of (5) in this
case is

c(r,t) = Cexserf < (8)

r
\/4Dt) '
III. EXPERIMENTAL DETAILS

A standard telecommunication single-mode optical fiber
(Corning SMF-28) was soaked in high-pressure hydrogen
atmosphere (1900 psi) at room temperature for two weeks
and then stored in a freezer at —70 °C before use. Two FBGs
with a grating length of 1 cm for each were inscribed on the
hydrogen-loaded fiber using a KrF excimer laser and a phase
mask. After the grating fabrication, the FBG sample was baked
at 150 °C for overnight to eliminate the residual hydrogen and
the unstable UV-induced index changes. One section of the
grating area was then recoated with polyimide polymer, while
the other grating area recoated with acrylate polymer. The
recoating process resulted in a fiber diameter of 173 ym at the
grating section. From an optical microscopy, the thickness of
the polyimide coating was observed to be 24.1 £ 1.0 pm. The
FBG sensor system is illustrated in Fig. 2(a) with its transmis-
sion spectrum shown in Fig. 2(b). The transmission spectrum,
measured by an optical spectrum analyzer (Ando 6315E),
shows two Bragg wavelengths at 1549.020 and 1550.244 nm
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Fig. 2. FBG sensor and measurement: (a) illustration of the FBG sensor used in this study, (b) transmission spectrum of the FBG sensor, and (c) experimental

setup for the measurement of sensing performance in a water bath.

TABLE I
CHARACTERISTICS OF THE SENSOR SYSTEM WITH TWO POLYMER-COATED FBGS
Bragg
Fiber Physical Thick-
Fiber Wavelength Bandwidth | Isolation | Reflection
Recoating length ness
Type (air, 20°C) (nm) (dB) (%)
Type (mm) (um)
(nm)
Polyimide- | SMF- 24.1
Polyimide 10 1550.244 0.290 13.47 97.2
coated FBG | 28 1.0
Acrylate- | SMF- 24.1
Acrylate 10 1549.020 0.170 9.24 90.0
coated FBG 28 +1.0

with reflection signals of 9.24 and 13.47 dB, corresponding to
the acrylate- and polyimide-coated FBGs, respectively. The
characteristics of the FBG sensor are listed in Table I.

In the study of the temperature response of the FBG sensor,
a microcomputer-controlled water bath was used to control the

variations of the environmental temperature, in which the water
is the corresponding ambient medium. Fig. 2(c) illustrates the
experimental setup used to determine the temperature-induced
shift of the FBG transmission spectrum in the water bath. When
these two sections of the polymer-coated FBGs had been com-
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Fig. 3. Bragg wavelength of the polyimide-coated FBG as a function of tem-
perature in the water bath. The inset is the time evolution of the shift of its Bragg
wavelength when the grating is transferred from an environmental chamber to
the water bath.

pletely immersed in the water bath, certain amount of sugar or
KCl was added into the water to adjust the concentration of the
solution. The relationship between the concentration of sugar
or KCI and the Bragg wavelengths of the FBG sensor will be
investigated.

IV. RESULTS AND DISCUSSION

A. Measurement of Temperature Sensing Performance

In order to eliminate the strain or bending cross effects [9],
the section of the polyimide-coated grating was fixed and tight-
ened during the temperature sensing measurement. When the
polyimide-coated FBG was transferred from an environmental
chamber with the ambient medium of air to the water bath at
a constant temperature of 20 °C, it was found that the Bragg
wavelength red-shifted from 1550.218 to 1550.408 nm and sta-
bilized after half an hour (inset of Fig. 3). The increase in the
Bragg wavelength was due to the expanding grating period,
which was caused by the stretched fiber. After the transmis-
sion spectrum of the polyimide-coated FBG in the water bath
stabilized, the Bragg wavelength red-shifted from 1550.430 to
1551.088 nm when the temperature was increased from 20 °C
to 90 °C (Fig. 3). The temperature coefficient of the polyimide-
coated FBG in water, kryater, is 0.0094 nm /°C.

Following the same procedure mentioned above, the temper-
ature response of the acrylate-coated FBG in water was also
studied. During the process of transferring the acrylate-coated
FBG from the environmental chamber to the water bath, no ap-
parent shift in the Bragg wavelength was found (inset of Fig. 4).
From Fig. 4, the temperature coefficient in water, krwater, Was
measured to be 0.0102 nm/°C.

B. Measurement of Sugar Concentration

After both of the polyimide- and acrylate-coated FBGs had
been completely immersed in the water bath with a constant
temperature of 20 °C for half an hour, a certain amount of nat-
ural granulated sugar was added into the water to prepare de-
sired sugar solutions of different concentrations ranging from
0 to 50°Bx. The transmission spectra of the polyimide-coated

Tlme(mm)
15489 ........ | IPEPEPEP A | EPSPEPETS EPSPATATS EPPTAT AP AT
10 20 30 40 50 60 70 80 90 100

Temperature (°C)

Fig. 4. Bragg wavelength of the acrylate-coated FBG as a function of temper-
ature in the water bath. The inset is the time evolution of the shift of its Bragg
wavelength when the grating is transferred from an environmental chamber to
the water bath.
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Fig. 5. Transmission spectra of the polyimide-coated FBG as a function of
sugar concentration.

FBG as a function of sugar concentration are shown in Fig. 5.
When the sugar was added into the water bath, the water con-
centration surrounding the grating decreased, which resulted in
the decrease of the corresponding water concentration in the
polyimide coating. In the experiments, for each time the sugar
was added, sufficient waiting time was observed to make the
FBG spectrum immovability. Fig. 6 shows the Bragg wave-
lengths of the two FBGs as functions of sugar concentration.
The sensitivity decreases when the polyimide-coated FBG is
exposed to solutions of higher sugar concentrations as the sol-
ubility approaches saturation. It shows that the average sensi-
tivity of the polyimide-coated FBG on sugar concentration is
0.0012nm/°Bx.

The shrinkage of the polyimide coating in sugar solutions
results in the blue-shift of the Bragg wavelength of the poly-
imide-coated FBG, as shown in Fig. 6. In contrast, the acry-
late-coated FBG is not sensitive to the change of sugar concen-
tration. The relationship between the Bragg wavelengths of the
FBGs and the changes in the temperature and sugar concentra-
tion can be described with a matrix equation

|: A)\acrylate

_o.0102 0
A)‘polyimide

AT )
0.0094 —0.0012 | | ACsugar

Authorized licensed use limited to: IEEE Xplore. Downloaded on March 18, 2009 at 12:58 from IEEE Xplore. Restrictions apply.



344

1550.42 gt : : : : —— 1549.20
1550.41 | [ ] Polyimide-coated FBG 11549.15
—_ m  Acrylate-coated FBG
£ 1550.40F ~— 11549.10
£ 1550.39 | 11549.05
c
§ 1550.38 | 11549.00
®© —
2 1550.37 11548.95
[e)]
o)) (
& 1550.36 | 11548.90
m
1550.35 | 1548.85
1550.34 b - . . 1548.80

0 10 20 30 40 50
Sugar concentration (°Bx)

Fig. 6. Bragg wavelengths of polyimide- and acrylate-coated FBGs as func-
tions of sugar concentration.
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Fig. 7. Bragg wavelengths of polyimide- and acrylate-coated FBGs as func-
tions of KCI concentration.

where AMacrylate and AXpglyimide are the shifts in the Bragg
wavelengths of the acrylate- and polyimide-coated FBGs,
respectively. AT and ACsga, stand for the changes in tem-
perature and sugar concentration, respectively. The positive
and negative signs of the matrix elements correspond to the
red- and blue-shifts of the Bragg wavelengths of the gratings,
respectively.

C. Measurement of Potassium Chloride Concentration

Since the sensing mechanism of the FBG sensor discussed
here is based on the hygroscopic properties of the polyimide
coating, water-soluble analytes other than the concentration of
sugar could have the similar swelling effects on the polyimide
coating. However, different analytes will result in the different
extents of responses manifested in the changes of the Bragg
wavelengths. Therefore, it is possible to detect other soluble an-
alytes with the same sensor system. In order to validate the fea-
sibility, an experiment on the determination of the KCl concen-
tration has been performed. Fig. 7 shows the Bragg wavelengths
of the two FBGs as functions of KCI concentration, which gives
the sensitivity of the KCl concentration of the polyimide-coated
FBG as 0.0126 nm/M. The figure also shows the blue-shift of
the Bragg wavelength indicating the shrinkage of the polyimide
coating in KCI solutions, however, the Bragg wavelength of the
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acrylate-coated FBG is not sensitive to the change in the KCl
concentration. The dependence of the Bragg wavelengths on the
temperature and KCI concentration ACk ¢ is

Adacrylate | _ | 0.0102 0 AT (10)
Adpolyimide | | 0.0094  —0.0126 | | ACxcy |

The experimental results demonstrate that not only sugar con-
centration but also KCl concentration can be identified by the
FBG sensor. Furthermore, it can distinguish different analytes
from the difference in the corresponding concentration sensi-
tivities. For a general case described by (11), a character ma-
trix M, related to the sensitivities of measurands is defined to
represent the sensing performance of the sensor system, for ex-
ample, temperature and analytes, and different character matrix
M can be used to determine different species and the concen-
tration of the analyte

|: A/\acrylato :| — MTA |:AT:|

11
A)\polyimide AC ( )

This scheme offers a number of advantages over other
techniques to measure chemical analytes. With the FBG sensor
system proposed here, it is possible to measure different
water-soluble analytes by utilizing the polyimide-coated FBG,
while simultaneously measure the temperature with the acry-
late-coated FBG. For other parameters of widespread interest,
such as Nat, Li*, and Ca’t ions, that can swell the polyimide
coating in solutions, the same FBG sensor system discussed
here can differentiate and quantify these analytes from the
different responses of the grating (sensitivity, rate, etc.) once a
calibration curve for different substances is developed. Since
the FBG fabrication process and recoating technique required
for the sample preparation are quite simple, the approach
proposed here is promising to realize low-cost substance or
chemical sensors. In addition, it is possible to introduce more
wavelength channels other than two in this study to realize
quasi-distributed measurement.

V. CONCLUSION

A new scheme for simultaneous measurement of soluble
analytes and temperature has been proposed. The approach has
been demonstrated with in situ monitoring of temperature and
sugar or KCl concentration. The sensor system consisted of two
in-line polymer-coated FBGs with one acrylate-coated grating
sensitive to temperature only and the other polyimide-coated
one sensitive to the soluble analytes. The experimental results
showed that the temperature sensitivity of the acrylate-coated
FBG, temperature, sugar, and KCI concentration sensitivities of
the polyimide-coated FBG are 0.0102 nin/°C, 0.0094 nm /°C,
0.0012 nm/°Bx, and 0.0126 nm/M, respectively. As long
as the soluble analytes swell the polyimide coating, different
responses from the grating (sensitivity, rate, etc.) are expected,
which enables the possibility to differentiate and quantify dif-
ferent analytes. In practice, through extensive experimentation
and accumulation of data, a calibration curve for different
substances can be developed before routine uses, even though
the experiments performed here revealed the concentrations of
sugar and KCI only. The fiber-optic sensor discussed here is a
versatile chemical sensor to monitor different soluble analytes.
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Since the two sensing elements have been integrated on one
standard single-mode telecommunication fiber, it is possible to
achieve quasi-distributed in situ monitoring of temperature and
analytes over a long distance.
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