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An ultra-longer fiber cantilever taper for simultaneous measurement of the temperature and relative humidity (RH)
with high sensitivities was proposed. The structure was fabricated by using the simple and cost-effective method only
including fiber cleaving, splicing, and tapering. The length of the cantilever taper is about 1.5 mm. The dip A and dip B
were measured simultaneously, owing to the ultra-long length and super-fine size, the temperature sensitivities of the dip A
and dip B reached as high as 127.3 pm/°C and 0 pm/°C between 25 °C and 50 °C, and the RH sensitivities are —31.2 pm/%
RH and —29.2 pm/% RH with a broad RH interval ranging from 20% RH to 70% RH. Besides, the proposed structure
showed good linearity in the sensing process and small temperature crosstalk. It will be found in wide applications in

environmental monitoring, food processing, and industries.

Keywords: sensor, temperature, humidity
PACS: 42.81.Pa, 92.60.hv, 92.60.jk

1. Introduction

Optical fiber sensors are widely used in the sensing of
pressure, displacement, and temperature because of their small
size, light weight, and anti-electromagnetic interference.!! 3
Among them, humidity and temperature are two important
factors in various applications such as environmental mon-
itoring, food processing, weather observations, and indus-
tries, and often need to be measured simultaneously. Vari-
ous sensors for measuring relative humidity (RH) and temper-
ature simultaneously have been proposed.[*8] Among them,
the multi-parameter fiber-optic sensors are particularly attrac-
tive owing to their outstanding advantages of freedom from
electromagnetic interference, wide bandwidth, compactness,

possibility of remote sensing,®~!3]

as the temperature and
RH measurements are often simultaneously performed in di-
verse, remote, and harsh environments. Recently, fiber-optic
sensors for RH and temperature sensing based on different
structures have been developed, such as fiber Bragg grat-
ing (FBG),!'*181 Jong-period fiber grating (LPFG),!!* Fabry—
Perot interferometer, >>-22! and fiber taper structure.?>>* The
FBG usually was cascaded with a low-finesse Fabry—Perot

[14-17] These sensors realize the temperature

interferometer.
and RH simultaneous sensing by analyzing the interference
peaks shift and the peaks loss variations. Although they have

good sensitivities, the detection accuracy of peaks loss is seri-

DOI: 10.1088/1674-1056/ac012e

ously affected by system power fluctuations, which cause the
detection error. To improve the detection accuracy, fiber-optic
sensors depended on the wavelengths shift and the sensitivity
matrix method has been proposed to achieve dual-parameter
measurement of RH and temperatures. The sensing head is
based on an LPFG coated with silica nanospheres in-line with
an FBG,[1%! and fiber-coated polyvinyl alcohol (PVA) film for
RH sensing, and FBG for temperature measurements.2>26]
Both temperature and RH are spectrally resolved. However,
the organic active film coated on fiber limits RH and environ-
mental/chemical stability of sensors, and the preparation pro-
cesses of sensors are complex.

In this paper, an ultra-longer fiber cantilever taper for
measuring RH and temperature simultaneously with high sen-
sitivities was proposed. The simple splicing technique was
used to fabricate the structure by using a fiber splicer (KL-
300T). The length of the ultra-longer fiber cantilever taper
about 1.5 mm. The interference spectrum exhibits several
peaks with distinct sensitivities with respect to the changes in
both RH and temperatures. The two peaks were chosen to
measure RH and temperature sensitivities, and the RH sensi-
tivities are —31.2 pm/% RH and —29.2 pm/% RH. The tem-
perature sensitivities are 127.3 pm/°C and O pm/°C. By using
the sensitivity matrix method, the RH and temperature can be
simultaneously determined. Therefore, the proposed sensor
has great applications in chemical, biomedical, and environ-
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mental industry due to its no crosstalk, good chemical stabil-
ity, and simple fabrication process.

2. Fabrication and theory

The fiber cantilever taper was fabricated by using two-
step arc discharge fiber tapering method.?”) The fabrication
process diagram is shown in Fig. 1. Firstly, the end-faces of
the two single mode fibers (SMFs) were cut flat and fixed on
the fiber fixtures controlled by two stepping motors respec-
tively, as shown in Fig. 1(a). Secondly, the two SMFs were
heated by using arc discharge. Meanwhile, the two sides of
the SMFs were pulled at constant speed. The fiber tapers with
regular shape and smooth surface can be achieved, which is
shown in Fig. 1(b). Thirdly, one side of the structure in the
second step was fixed, and another side continued to be pulled.
To make sure that the fiber cantilever taper has sufficient length
and uniformed shape, a faster and constant pulling speed was
used. Finally, an ultra-longer fiber cantilever tapering was ob-
tained. The schematic diagram and the optical image of the
fiber cantilever taper was shown in Figs. 1(c) and 1(d). Form
Fig. 1(d) it can be seen that, the length of the taper is about
1.5 mm, and there is a regular shape. Both the length and
the shape of the fiber cantilever taper depend on the pulling
speed in the two-step arc discharge fiber tapering processes. It
is worth mentioning that, with the increasing of the cantilever

taper length, the waist size of the taper got thinner and thinner.

Fig. 1. (a)—(c) The fabrication diagram of the fiber cantilever taper by us-
ing arc discharge fiber tapering method. (d) The picture of fabricated fiber
cantilever taper.

The reflection spectrum of the proposed structure was
measured by using an optical spectrum analyzer (OSA,
AQ6370D) and broad-band source (BBS, YSL SC-5) through
a circulator. The spectrum was shown in Fig. 2. As the fiber
cantilever taper was structured with regular shape and smooth

surface, it shows obvious inference peaks in the reflection
spectrum, and the maximum of the contrast achieved 22 dB.
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Fig. 2. Reflection spectrum of fiber cantilever taper.

The reflection spectrum is obtained by interference of

core mode and cladding mode, and the phase can be given

as?8l

47 AnegL

—_— 1
T ey

where Aneg is the effective refractive index difference between

b =

the core and cladding modes. A is the input light wavelength,
and L is the effective length of fiber taper. The central wave-
length of the peaks is given as follows:

A = M7 )

(2m+1)
where m is the interference order. When the relative humidity
increases, the refractive index of the environment surrounding
fiber taper increase by On.g. Since the refractive index of the
core mode stays almost constant, the effective refractive index
decreases by Oness. Therefore, the central wavelength of the

interference peak has shift to a shorter wavelength
5),,,, = 47175I’leffL. (3)

As the environment temperature changes, the central wave-
lengths of the interference fringes are determined by the dif-
ference of effective refractive index and the length of taper,
which can be given as

8 A = 47 (SnegeL + AnegrSL). @

The resulting interference fringes formed in the wavelength
domain exhibit two distinct groups of sensitivities with the
variations of RH and temperatures. Consequently, by using
the sensitivity matrix method, the RH and ambient tempera-
ture can be simultaneously determined.

3. Experiment results and discussion

To investigate the response of the ultra-longer fiber can-
tilever taper to RH, the fiber cantilever taper was connected
to BBS and OSA through a circulator as shown in Fig. 3.
Meanwhile, the fiber cantilever taper was put into the sealed
temperature and humidity controllable chamber (Kingjo, CK-
80G) where the RH is controlled and monitored through LED
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screens. Theoretically, the humidity sensor can be controlled
from 20% RH to 98% RH. In this experiment, the RH was
set from 20% RH to 70% RH with a step of 10% RH, and
the temperature was fixed at 20 °C in the process of humidity
measurements.
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Fig. 4. (a) Measured interference spectrum changing with the RH varying,
(b) responding of dips A and B to the different RH.

The dips A and B were chosen to measure the interference
spectrum shifts in detail with the variations of RH and temper-
atures. With the RH increasing from 20% RH to 70% RH at
constant temperature, the dips A and B shifted to the shorter
wavelength, which is shown in Fig. 4(a). From Fig. 4(a),
with the RH varying from 20% RH to 70% RH, the wave-
lengths of the dip A and dip B changed from 1293.356 nm
to 1291.768 nm and 1317.360 nm to 1315.902 nm, respec-
We cal-

culated the mean central wavelength and standard deviation

tively. Three repeated experiments were done.

of two dips at each RH recording point, and the standard
deviation was shown in the form of error bars, as shown

in Fig. 4(b). The mean central wavelengths of the dip A

at each RH are 1293.373 nm, 1293.026 nm, 1292.689 nm,
1292.429 nm, 1292.162 nm, and 1291.790 nm. The mean cen-
tral wavelengths of the dip B at each RH are 1317.355 nm,
1316.953 nm, 1316.706 nm, 1316.354 nm, 1316.169 nm, and
1315.925 nm. Linear fitting results of these points as shown
in Fig. 4(b). From Fig. 4(b) the RH sensitivities of dips A and
B are —31.2 pm/% RH and —29.2 pm/% RH, respectively.
That is because that the effective refractive index difference
between the core and cladding modes decreases with the tem-
perature increasing. From Fig. 4(b), we can see that the fiber
cantilever taper for the RH sensing has excellent linear rela-
tionship and good repeatability, and the R-square of dip A and
dip B are 0.997 and 0.983.

To investigate the response of the fiber cantilever taper
to temperature, the temperature of the temperature and humid-
ity controllable chamber was changed from 25 °C to 50 °C at a
step of 5 °C, and the RH was fixed at 20% RH in the process of
temperature measurements. The length and the refractive in-
dex change with temperature elevation for the thermal expan-
sion effect and thermo-optic effect. As a result, the wavelength
of the dips A and B shifted to long wavelength with temper-
ature increasing, as is shown in Fig. 5(a). From Fig. 5(a),
with the temperature increasing, the central wavelengths of the
dip A and dip B shift from 1293.160 nm to 1296.420 nm and
1313.550 nm to 1313.900 nm, respectively. Three repeated
experiments were done. The mean wavelength shifts and er-
ror bars of measurements at each temperature point were cal-
culated, which were shown in Fig. 5(b). The mean central
wavelength details of dip A are 1293.169 nm, 1294.020 nm,
1294.451 nm, 1295.048 nm, 1295.822 nm, and 1296.446 nm
at 25 °C, 30 °C, 35 °C, 40 °C, 45 °C, and 50 °C, respec-
tively. The details of the dip B are 1313.552 nm, 1313.653 nm,
1313.907 nm, 1313.704 nm, 1313.651 nm, and 1313.983 nm
at each temperature recording point. Linear fitting of the data
in Fig. 5(b) is performed, and the linear fitting results show
that the sensor tip for sensing the temperature is with excellent
linear relationship and good repeatability, and the temperature
sensitivities of dips A and B are 127.3 pm/°C and 0 pm/°C,
respectively. Because the thermal optical coefficient of the
fiber is positive and is much larger than that of air, Sneg in-
creases with temperature rise. At the same time, the length
of fiber taper is changed with the temperature varying due to
the thermal expansion effect. According Eq. (4), the varying
of interference fringes with temperature depend on the length
and effective refractive index. In addition, from Fig. 5(b), the
R-square of the dip A is 0.993 at the temperature measurement
range of 25 °C-50 °C.

114210-3



Chin. Phys. B Vol. 30, No. 11 (2021) 114210

~10
—12
—14
—16 W
~18
—20

Contrast (dB)

—22

1295 1305 1315

Wavelength (nm)

1285

1297} ®) ] .
y=1290.0452+0.1273z . 11316

1296 R-square = 0.9928

11315

12951 x . 11314

1294} x 11313

Wavelength (nm)

11312

Wavelength (nm)

12931
11311

1292 1 1 1 1 1 1
25 30 35 40 45 50

Temperature (°C)

Fig. 5. (a) Measured interference spectrum changing with the liquid temper-
ature varying, (b) responding of dips A and B to different temperatures.

The experimental results show the sensitivities of the
two dips to RH and temperature respectively. The sensitiv-
ities of dip A and dip B to RH are —31.2 pm/% RH and
—29.2 pm/% RH, respectively. The sensitivities of dip A and
dip B to temperature are 127.3 pm/°C and 0 pm/°C, respec-
tively. These sensitivities are used to calculate the dual param-

eter matrix in Eq. (1)

|:AldipA:| _ {SRHA STA] {ARH} , 5)

A)Ldip B SRHB STB AT

where AAgip o and Algipp are the wavelength shifts of
ARH and AT are the
SRHA, STA, SRHB, STB are
the matrix coefficients for experimental results showing that
Srua = —31.2 pm/% RH, Sta = 127.3 pm/°C, Srus =
—29.2 pm/% RH, and Stg = 0 pm/°C.

The sensitivities of the RH and temperature at any point

dips A and dip B, respectively.
RH and temperature changes.

can be easily determined by solving Eq. (5). The follwoing
equation shows the solved inverse matrix to obtain the applied
RH and temperature at any given spectral shift:

{ARH} _ |:SRHA STA]_I [A)LdipA:| . )

AT SrRHB STB Algip B

4. Conclusion

In summary, a fiber cantilever taper with high RH and
temperature sensitivities has been proposed and fabricated for
simultaneous measuring of the temperature and RH by using
the simple fabrication process. The dips A and B in the in-
terference spectrum were chosen to measure the RH and tem-
perature. The RH of the dips A and B are —31.2 pm/% RH
and —29.2 pm/% RH, and the temperature sensitivities are
127.3 pm/°C and 0 pm/°C. Simultaneous measurement of the
RH and temperature can be achieved by using the sensitivity
matrix method. Thus, it has great application in environmental

monitoring, food processing, and industries.
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