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Low-cost Robust Polymer Optical Fiber Temperature Sensor Based on
FIR Method for in Situ Measurement
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Abstract: An optical fiber temperature sensor using two fluorescent dyes based on Fluorescence Intensity
Ratiometric (FIR) method was proposed. In experiment, Rhodamine B and Rhodamine 110, which were
temperature-sensitive and temperature-insensitive respectively, acted as the sensing materials. Polymer
optical fibers were utilized to transmit excitation light and collect emitted fluorescence. The two dyes-
fluorescence spectra could be separated conveniently since their respective emission peaks were 60 nm
apart. The optimal spectral intervals of RH110 and RHB for FIR were identified. By calculating the
fluorescence intensity ratio of the two dyes, the calibration curves of intensities ratios vs temperature
were obtained with good linearity. The effects of different concentrations of fluorophore on the calibration
curves were also studied. When the concentrations of dyes were 0.3 g/, a minimum rms temperature
error of 0.28 C and a sensitivity of 0. 0128/ C were achieved. Moreover, the influences of illumination

source-s fluctuations and dyes- photo-bleaching can be eliminated to some degree.
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0 Introduction

Fiber-optic temperature sensors have attracted
much attention due to their advantages over the
electronic counterparts, such as compact size, high
safety, and immunity to Electromagnetic Interferences
(EMI).

optical fibers can be implemented in a number of ways,

The temperature sensors based on silica

e. g. fiber grating, macro-bend fiber loop, and F-P

1. Compared with silica fibers,

interferometry, etc. ™"
Plastic Optical Fibers (POFs) are more low-cost.,
As for the POFs

temperature sensors, the precise measurement is
(571

flexible and easier to fabricate.
achieved by detecting the shift of spectrum-"", where a
complex system is usually applied. As we all know,
the POF sensors are always established based on
technique with simple

intensity ~ modulation

configurations. Hence, in real application, an
intensity-based POF temperature sensor with simple
structure is expected to acquire precise measurement,
and the fluorescence method is a promising approach to
this goal.

Generally, there are three schemes that can be
measure the using

employed  to temperature

fluorescence method, which are the steady state
fluorescence intensity method, the fluorescence lifetime
method, and the Fluorescence Intensity Ratiometric
(FIR) method. The steady fluorescence intensity
method is the most direct way. However, the
measurement results may be influenced by some
artefacts due to the non-temperature related changes in
the fluorescence intensity™®. With the lifetime
method, the high precision could be achieved, but a
pulsed light source and fast response electronics are
required and thus the setup would be costly™™. The
fluorescence intensity ratiometric method has been
studied extensively due to its ability to mitigate or
eliminate the external perturbation, e. g. the power
fluctuation of the excitation light source, the variation
of the transmission loss in optical pass, and the photo-
bleaching effect of the dyes'' ™. The FIR method,
which is mainly applied in those fiber-optic sensors with
rare earth materials doped in optical fibers, involves
utilizing the fluorescence intensities from two closely

energy levels of an ion to monitor

1,13-14]

spaced
temperature"' When these levels are excited,
their relative populations normally follow a Boltzmann
distribution. Since the intensity from each level is
fluorescence

proportional to its population, the

intensity ratio of the pair of levels is obtained, which
can be used for temperature calibration. Meanwhile, in
this scheme, two kinds of fluorophore, which are
temperature-dependent and temperature-insensitive
respectively, are utilized to calibrate temperature.
Ideally, it can be assumed that the photo-bleaching
effect has the same impact on the fluorescence bands
for the two kinds of fluorophore™™. As a result, the
intensity ratio of the two corresponding fluorescence
bands only depends on temperature. Hence, the FIR
method is a technique that can provide a self-referenced
measurement, which is beneficial for the accurate and
reliable performance of the sensor system. As the two
[16 ]. tris (1, 10-
phenanthroline) Ruthenium (II) ( Ruphen) and 8-
Aminopyrene-1, 3, 6-Trisulfonic acid ( APTS), are

temperature-insensitive

fluorophore used in Ref.

temperature-sensitive and
respectively, their fluorescence intensities ratio can also
be obtained for temperature measurement, with the
influences of photo-bleaching, pump power fluctuations
and fiber bend removed. Similarly, another pair of
fluorescent dyes, Ruphen and Rhodamine 123, is
reported”. However, Ruphen is prone to oxidation
hence it is usually encapsulated in silica gel. The silica
gel would expand or contract as temperature varies,
which results in the change of molecule distances of
different fluorophore in it, and this would lead to
unreliability during measurement. Moreover, the
fabrication of mixing silica gel with fluorophore is
complex. In addition, Ruphen is 2300 US$ per gram
and APTS is 42400 US $ per gram, which are too
costly.

In this paper, two fluorescence dyes, Rhodamine
B (RHB) and Rhodamine 110 (RH110), which are
temperature-dependent and temperature-insensitive,
are encapsulated and immobilized on the tips of two
glued polymer optical fibers to form a sensing head.
With the FIR method,

measurement is realized.

precise  temperature

1 Configuration and principle

As shown in Fig. 1, the sensor system consists of
four parts-the illuminator, light guided fibers, sensing
head and a
( AverSpec-2048,
wavelengths are obtained by a Tungsten Halogen lamp
(Avalight-HAL) followed by a band-pass optical filter
which transmitted the wavelengths of 470~500 nm and

compatible fiber-optic

Netherlands ).  The illumination

spectrometer

blocked other wavelengths. The fluorescent dyes,
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Rhodamaine B and Rhodamine 110, were dissolved in
deionized water to form the sensing liquid. The light
guided fibers used in our experiment are polymer
optical fibers (POFs, Super Eska SK-40, Mitsubishi
Rayon Co.).
Polymethyl-Methacrylate

The core and cladding materials are
( PMMA ) and

fluorinated polymer, respectively. The typical values

Resin

for core and cladding diameters are 980 mm and 1000
mm, with NA of 0.5. As the
wavelengths of the POFs range from 400 nm to above

transmission

700 nm, including the wavelength of illumination light
and fluorescence, the effect of transmission losses on
fluorescence spectrum is negligible"*. Two POFs with
1 m long, whose ends were polished and glued together
by epoxy resin, were dipped into a stainless tube
directly, in which the sensing liquid was encapsulated.

Optical filter [1lumination

(470~500nm) fiber Sefn51.ng
liquid
Halogen lamp 1
Spectrometer T
Detection Sensi
fiber ensing
head

Fig.1 The schematic structure of an optical fiber
temperature sensor using the fluorescence signals
from two fluorescent dyes

As illustrated in Fig. 1, the sensing head and
fibers are fixed by epoxy glue, so it needs no further
adjustment for coupling between the fibers and sensing
head. One of the fibers acts as the excitation light fiber
and the other serves as the detection fiber. When the
temperature varies, the corresponding spectra are
recorded by the spectrometer. When exposed to
excitation light, each dye yields fluorescence. RHB is
highly sensitive to the changes in the temperature in
the range of 25-60C, while RH110 has negligible

temperature in this region. The

fluorescence intensity is expressed as follows "
I=1,agel.C

where, I is the emitted fluorescence intensity of the

sensitivity  to

dyes, I, is the excitation light intensity, ¢ is the
quantum efficiency of the fluorophore, e is the molar
absorptivity, « is the collection efficiency, and L is the
absorption path length.

For temperature measurement in our experiment,
the ratio of the two fluorescence intensities is used to
calibrate temperature. The use of the ratio allows
compensating for possible variations in the excitation
variations in fiber bend, photo-
The ratio of RH110 and RHB is

light intensity,
bleaching, etc.

calculated by the following formula

IcRHllO €RH110 ARHI110 9SRH110 CRHIIO

) ERHBARHB PRHB Cru

It is obvious that I, is cancelled out, while ¢ and ¢
are considered to be constant. As long as the
concentrations of dyes are determined, the ratio only
depends on quantum efficiencies, ¢ruie and ¢rep.

Meanwhile, the volume and concentration of the
dyes should be kept constant for precise measurement

because the ratio also depends on them.

2 Experiments and results

The excitation light was transmitted through POF
to excite the fluorophore, and the emitted fluorescence
spectra encoding the temperature information was
recorded by the spectrometer. In our experiment the
temperature was varied from 25 ~ 60 ‘C with an
increment of 1 'C by using a water bath. It took about
2 min for the sensing head to reach the preset
temperature and another 3 min for stabilizing of
temperature. During experiment a thermistor with a
resolution of 0.1 ‘C was used as reference.

Fig. 2 shows the fluorescence spectra at several
temperatures. It is observed that the emission peak of
RHB is about 580 nm and that of RH110 is about
520 nm. The fluorescence intensity of RHB decreases
monotonously with the rising temperature, while that
of RHI110 only

fluctuations may be caused by the excitation light

shows some fluctuations. The
source whose instability is + 1%, and the photo-
bleaching of fluorophore. The emission peaks of
RH110 and RHB are 60 nm apart and can be separated

easily.

04F

02F

Fluorescence intensity/(x10%a.u.)
(=)
(=)}

560 600 640
Wavelength/nm

0= .
480 520
Fig. 2 The fluorescence spectra of the mixture of RHB and
RHI110 recorded by fiber-optic spectrometer when
heating the sensing head from 25 to 60 C
Moreover, based on the results shown in Fig. 2,
we also investigate the sensitivity of the fluorescence
spectrum of RH110 and RHB to the variation of
temperature as a function of wavelengths. Like other

group did"*, the sensitivity of fluorescence spectrum,
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which is displayed as the ratio of spectral signal at a
change of temperature AT, I(A, T.,+AT), to that at
a reference temperature, I(A, T,(), is calculated and
illustrated in Fig. 3. Here, the reference temperature is
set at 25 C. It can be seen that the most temperature-
sensitive wavelength range is around the emission peak
of RHB, where an average sensitivity of 1. 1% K ' is
observed from 25~60 C. Thus, it is reasonable for us
to choose the spectral interval around 580 nm to
represent the fluorescence spectrum of RHB. As for
RHI110, temperature-insensitive
ranges locate at 500 nm and 545 nm, where a
sensitivity of 0. 06% K ' and 0. 22% K ' can be
Therefore,
select either of these two spectral intervals to represent
the spectrum of RH110.
14 T T T T

two wavelength

noticed, respectively. it prompts us to

—=— 25C — 36TC
—e— 28°C

—— 43°C
— 50C
—— 60°C

W
Y

I T AT T

520 560

Wavelength/nm

Fig. 3 Temperature dependence of the fluorescence spectra
of the sensor at various temperatures is given
In fact, the principle of the sensor is based on the
temperature-dependent ratio of two dye’s fluorescence
intensities. For accurate temperature measurement the
sensor system should be designed for dual wavelength
operation because it would be easy to measure the ratio
of the fluorescence intensities at two wavelengths as a

function of temperature!.

As there are numerous
spectral regions which can be applied into fluorescence
ratiometric calculation, it is important to note that with

proper choice of spectral intervals, for our sensor

0.0145 |-
- —a— RHB & RH110 -1g/L
0.0140 |- —<4 RHB & RHI110 -0.5g/L
- —— RHB & RH110-0.3g/L
0.0135 |-
g |
2
»n 0.0130 |-
0.0125 |- |
0.0120 |-

1 3 5 7 9 11
The spectral interval of RH110
(a) Slopes: width of 20 nm

system developed herein, the ratio of intensities would
be linearly scaled to temperature in our tested range.
As is shown in Fig. 3, the most temperature-
sensitive region of the spectrum is at about 580 nm,
thus it is reasonable for us to choose the spectral
interval of 570 ~590 nm to represent the fluorescence
wavelength range of RHB, and the intensity integration
over this range is the fluorescence signal of RHB in our
experiment. On the other hand, it is also important to
a proper fluorescence wavelength

select range to

represent the integration interval of RH110. In our
experiment the wavelength 495-545 nm is considered to
be the fluorescence range of RHI110. In order to
identify the optimal spectral interval of RH110, the
interval width of RH110 is chosen to be 20 nm, 14 nm
and 8 nm, respectively. When the interval is 20 nm,
the corresponding spectral interval of RH110 can be set
as 495~515 nm, 498~518 nm, 501 ~521 nm, ---until
525~545 nm, respectively. It should be noted that the
interval increases with an

lower bound of each

increment of 3 nm. Likewise, when the interval is
14 nm, the corresponding spectral interval of RH110 is
set at 495~509 nm, 498~512 nm, 501 ~515 nm, ---
until 531-545 nm, and when the spectral width is
8 nm, the corresponding interval is set as 495~503 nm,
498~506 nm, 501 ~509 nm,

Thus, the numbers of the selected spectral intervals of

«-until 537 ~545 nm.

RH110 correspond to interval widths of 20 nm, 14 nm
and 8 nm, are 11, 13 and 15, respectively, which are
plotted as the abscissas shown in Fig. 4.

In order to illustrate the influences of different
spectral interval of RH110 on our measurement, three
experiments of different concentrations of dyes were
conducted and corresponding spectra were acquired.
With the of RHB and RHI110
mentioned in last paragraph, the intensities ratio of
RH110 and RHB can be obtained. It is found that the
Fig. 3

illustrates the slopes and rms temperature errors of the

spectral intervals

ratio changes linearly with temperature.

0.75

—aA— RHB & RH110 -1g/L

0.65 |

Error/C
(=)
i
wn
|

045 |

-« RHB & RH110-0.5g/L
035 | = RHB & RH110 -0.3g/L

1 3 5 7 9 11
The spectral interval of RH110
(b) RMS error: width of 20nm
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075 F
0.0150 |- 070
oous | RHB & RH110 ~1g/L T —a— RHB & RH110 -1g/L
R | —&— RHB & RH110-0.5g/L 0.65 |-
0.0140 |- —— RHB & RH110 -0.3g/L 0.60 |-
2 i O =
g 00135 | g 03
2 s g 050}
= m L
0.0130 | 045 L
0.0125 0.40
! 035 [ ¢ RHB & RHI10 -0.50/L
0.0120 } 33— RHB & RH110-0.3g/L
| YR TR T ST N R | T R | 0-30I.I.I.I.IIII.I|IIII
1 3 5 7 9 11 13 1 3 5 7 9 11 13
The spectral interval of RH110 The spectral interval of RH110
(¢) Slopes: width of 14 nm (d) RMS error: width of 14nm
0.80
0.0160 |-
0.0155 | —A— RHB & RH110 -1g/L 070 | —a— RHB & RH110 -1g/L
0.0150 |- — RHB & RH110 -0.5g/L b
0.0145 | —— RHB & RH110 -0.3g/L o neol
£ ooo E 2
2 0.0135 | = o050k
0.0130 |- -
i 040 |
0.0125 |- [
[ —&— RHB & RH110 -0.5g/L
0.0120 - 030 | = RHB & RH110-0.3g/L
00]]5 1 : 1 1 1 1 1 1 1 1 1 1 1 1 1 1

The spectral interval of RH110
(e) Slopes: width of 8nm

1 3 5 7 9 11 13 15
The spectral interval of RH110
(f) RMS error: width of 8nm

Fig. 4 Three experiments with different concentrations of RHB and RH110

linear fitted results of the ratios corresponding to 5500 — T T T T

vy
different spectral intervals of RH110. From Fig. 4 (a), 5000 | MAAMAAAA 4 L A
(c) and (e), it can be noticed that as the spectral 1
. 4500  ree PP co000®®
interval of RH110 changes from around 495 nm to oo
around 545 nm, the slopes of the linear fitted 4000 r i

calibration curves show a decrease initially, and then

rise back to a moderate value. Moreover, as the il v RHII0-1g/L
concentrations of dyes decrease from 1 g/L to 0. 3 g/L, ® RI110-0.5g/L i
the slopes corresponding to all the intervals of RH110 2500 r 4 R110-0.3g/L
diminish as well. On the other hand, {from Fig. 4 (b), 2000 L : L 1 1 L L L

Fluorescence intensities of RH110

[VON
3500 ¢ AAAMALAMALAALAALAALLLAALLAAALALALL

25 30 35 40 45 50 55 60

(¢) and (d), it can be observed that the rms Temperature/C
temperature measurement errors show a monotonous (a) Intensity of RH110
rease as ~ ; . ards 545 i 4800 ' ) i '
decrease as the interval moves towards 545 nm. in . "N, v RHB -1g/L
particular, the minimum rms temperature error of Z 440010 Ty ® RHB -0.5g/L |
0.28 C is obtained with the spectral interval of 3 .0..' v, 4 RHB -0.3g/L
@ .
537~545 nm. £ 4000T “teei "vy, |
. . 2 .
Therefore, it can be concluded that the optimal é 3600 | *a, ...‘:::'Vvv
. . B v
spectral intervals which can be used for temperature 8 A‘AAA ...“:::::'V'v; .
L A %o
measurement by FIR method are 537 ~ 545 nm for 3 3200 AA‘AAA sea%
7] A
RHI110 and 570 ~ 590 nm for RHB, with a slope S 2800 A‘A‘AAAAA 1
= AL
(sensitivity) of 0. 0128 and a rms temperature error = A4saiaa,
. . . ) ) 2400 I 1 1 1 1 1 1 1
(uncertainties) of 0. 28 'C. With these optimal spectral 25 30 35 40 45 50 55 60
intervals, the fluorescence intensities corresponding to Temper‘ature/C
(b) Intensity of RHB

three different concentrations of dyes, namely 1 g/L,

Fig. 5 The fluorescence intensities of RH110 and RHB

corresponding to three different concentrations of dyes

0.5 g/L, and 0. 3 g/L are acquired. As shown in Fig. 5
(a)and ( b) , the temperature dependence of RHB is
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25 30 35 40 45 50 55 60
Temperature/C
(b) Residuals

Fig. 6 The temperature calibration curves corresponding
to three different concentrations of dyes and residuals
to the linear fit
much stronger than that of RH110. RHB shows an
average decrease of 1.1% /K while RH110 only shows
the
decrease
Fig. 6

curves

fluorescence
with  the
the
three

fluctuations. Moreover,

both

diminishing.

some
intensities  of dyes
concentrations shows

temperature calibration under
concentrations, which are obtained by the fluorescence
intensities in Fig. 5. The thermal response of the
ratios in Fig. 6 using the linear regression can be
expressed as

r=0.0138T+0.6732,

r,=0.0134T+0. 6825,

r,=0.0128T—+0.6716,
where r,, r,, and r; refer to the ratios obtained for the
concentrations of 1 g/L, 0.5 g/L and 0. 3 g/L. All the
three curves in Fig. 6 show good linear property of
regression, with the adjusted R-square values of 0.
999, 0.999, 0. 998, respectively. The rms deviations
of the data are 0. 004968, 0.004288, 0.003584 for the
concentrations of 1 g/L., 0.5 g/L and 0. 3 g/L, which
results in the rms temperature errors of 0. 36 C, 0.32
C, and 0. 28 C,
sensitivities for the concentrations of 1 g/L, 0.5 g/L
and 0.3 g/L are 0.0138/K, 0.0134/K and 0. 0128/K,
which the

reported in Ref. [16]. Based on these sensitivities and

respectively. The temperature

are approximately equal to sensitivity

the residuals shown in Fig. 6, it can be concluded that

the typical resolution of our sensor is 0.3 C.
Actually, despite the existence of fluctuations of

RH110 shown in Fig. 2, they have negligible influence

these

on the performance of our sensor because

uncertainties are eliminated by FIRM*!7-19%01

as the
results illustrated in Fig. 6. Before each measurement,
the self-calibration of spectrometer is conducted to
remove drifting.

The stability of the sensor using fluorescence
agents as temperature indicators is always a concern in
this work uses
RH110

and RHB belong to xanthene group which is highly

many applications. The sensor of

RH110 and RHB as temperature indicators.

stable. In addition, the intensity of the excitation light
used in this work is very low compared with pulsed
lasers, which are normally utilized in fluorescence

fiber

problem of

intensity based optical temperature Sensors.

Hence there is no photon-induced
decomposition of the fluorescence agent of our sensor.
Based on these properties, the sensor of this work is
Actually, the

sensor has been used for 3 months to obtain the

expected to possess a long lifetime.

experimental results, and the sensitivity (concentration
of 0. 3g/L) has been observed to increase slightly (1.
6%) from 0. 0128 to 0. 0130. This may be caused by
the lack of protection afforded to the sensor, leading to
the decay of the fluorescent dye.

3  Conclusion

We proposed a dual fluorescence type optical fiber
temperature sensor which could be used to detect the
temperature of 25 ~ 60 C by using fluorescence
intensity ratiometric method. Three experiments with
different concentrations of dyes were conducted and
corresponding spectra were obtained, and based on this
point, the dependence of the measurement results on
different spectral intervals of RH110 was investigated.
It was found that 537 ~545 nm is the optimal spectral
interval for RH110 for temperature measurement in our
experiment when spectral interval of RHB is set as
570~590 nm. With these optimal spectral intervals, a
of 0.0128/K (40.003584)

corresponding rms temperature error of 0.28 C are

sensitivity and
obtained. Comparing with those sensors using only one
fluorescence agent, our sensor is capable of eliminating
the uncertainties and drifting caused by the excitation
light the
Considering that the spectrometer could

fluctuations  and photo-bleaching  of
fluorophore.
be replaced by a pair of photo-diodes with band-pass
filters, and that the Tungsten Halogen lamp (with a
could be replaced by a LED, a

temperature sensing device with a simple structure and

band-pass filter)

low cost can be fabricated, thus it may have potential

0406003~ 6
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to be applied in point or multi-point temperature

measurement.
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