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Abstract: The optical fiber temperature and refractive index sensor combined with the hollow
needle structure for medical treatment can promote the standardization of traditional acupuncture
techniques and improve the accuracy of body fluid analysis. A double-parameter sensor based on
fiber Bragg grating (FBG) is developed in this paper. The sensor materials are selected through X-ray
diffraction (XRD) analysis, and the sensor sensing principle is theoretically analyzed and simulated.
Through femtosecond laser writing pure silica fiber, a high temperature resistant wavelength type
FBG temperature sensor is obtained, and the FBG is corroded by hydrofluoric acid (HF) to realize a
high-sensitivity intensity-type refractive index sensor. Because the light has dual characteristics of
energy and wavelength, the sensor can realize simultaneous dual-parameter sensing. The light from
the lead-in optical fiber is transmitted to the sensor and affected by temperature and refractive-index;
then, the reflection peak is reflected back to the lead-out fiber by the FBG. The high temperature
response and the refractive index response of the sensor were measured in the laboratory, and the high
temperature characteristics of the sensor were verified in the accredited institute. It is demonstrated
that the proposed sensor can achieve temperature sensing up to 1150 ◦C with the sensitivity of
0.0134 nm/◦C, and refractive sensing over a refractive range of 1.333 to 1.4027 with the sensitivity of
−49.044 dBm/RIU. The sensor features the advantages of two-parameter measurement, compact
structure, and wide temperature range, and it exhibits great potential in acupuncture treatment.

Keywords: hollow needle; temperature sensing; refractive index sensing; optical fiber sensor; fiber
Bragg grating (FBG); femtosecond laser; hydrofluoric acid

1. Introduction

Fire needle therapy has a history of thousands of years in China, and the earliest
recorded classic is “Huangdi Neijing”. With the clinical application and research of doctors
in the past dynasties, fire needle therapy has been continuously developed and improved,
and the hollow fire needle [1–3] has become a commonly used acupuncture needle because
of its fine internal structure. The hollow fire needle [4–8] has the functions of warming
meridians and dredging collaterals, dispelling wind and cold, which can be applied in
the treatment of arthralgia, gastroptosis, malnutrition in children, irregular menstruation,
dysmenorrhea, diarrhea, dysentery, rubella, etc. Burning needles is a key step in using
fire needles. The “Acupuncture Dacheng · Fire Needle” [9] says that “Burning on the
lamp will make it bright red, and the prescription will be effective. If it is not red, it will
not cure the disease and harm people.” Therefore, the needle must be heated before use.
The needle burning process uses an alcohol lamp, and its heating temperature can reach
above 400 to 1000 ◦C. In addition, in the process of needle application, because warm
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needle moxibustion has a special effect on rheumatism and other cold diseases, it is also a
research hotspot. In the process of retaining the needle, the moxa is wrapped around the
needle handle and ignited. The needle body transfers heat into the acupuncture points.
After the fire needle enters the body, it is difficult to maintain a stable temperature in the
body. Therefore, it is necessary to design a temperature sensor to be placed in the hollow
needle to monitor the needle retention process so that the temperature can be adjusted
by moxa outside the body to achieve better curative effect. It is worth noting that the
flame temperature is close to 1000 ◦C in the needle burning stage, so the sensor needs to
have high temperature resistance characteristics in order to achieve effective temperature
monitoring of the fire needle.

The sensor placed in the hollow fire needle has many requirements, such as good
insulation, low cost, light weight, stable chemical property, compact structure. Compared
with electrical sensors, optical fiber sensors [10–19] have stable chemical properties, high
temperature resistance and high sensitivity. It is a research hotspot in biomedical tempera-
ture and refractive index measurement. The structure classification includes Fabry–Perot
interferometer [10,11], Michelson interferometer [12], fiber Bragg grating (FBG), Mach–
Zehnder interferometer [13–15], etc. Among them, the FBG [16–25] has a higher maturity
and can be widely used in detection and monitoring sensing systems. In 1978, Hill K.O
et al. [20] discovered the photosensitive effect of the fiber in germanium-doped silica fiber
for the first time and used the standing wave writing method to make the world’s first FBG.
In 1995, L. Dong et al. [21] wrote fiber grating with laser and the experiments have con-
firmed that the fiber grating written by this method exhibits higher thermal stability. The
refractive index modulation written by UV laser is very small (10−4 or 10−3 magnitude),
and it is easily erased when the operating temperature is higher than 400 ◦C [22–24]. This
phenomenon is called the thermal degradation effect of the fiber grating.

In order to measure higher temperatures, the annealing process [26,27] is used to
make regenerative FBG. Jun He et al. [26] prepared an FBG with negative index and a
temperature range of up to 1000 ◦C, based on thermal regeneration. Tyson L et al. [27]
have developed a high temperature resistant fiber grating, which can withstand high
temperature up to 1100 ◦C and has good linearity. High temperature annealing brings the
feature of high temperature resistance, but the problem of insufficient strength still needs
to be overcome. To solve this problem, high temperature resistant femtosecond pure silica
FBG gradually becomes a research focus. Venkata Reddy Mamidi et al. [28] configured a
FBG by encapsulating a femtosecond laser and measured the temperature from 20 ◦C to
650 ◦C with a resolution of 1 ◦C. Ding Xudong et al. [29] from Beijing information science
and technology university have studied the temperature characteristic of pure quartz FBG,
which present good linearity of 0.9996 between 20 ◦C and 1000 ◦C. Based on the above
content, compare and organize the characteristics of various FBGs, as shown in Table 1. It
is found that the femtosecond pure silica FBG has the advantages of stable structure and
high temperature resistance under extreme environments, so it is suitable to be used for
high temperature sensing.

Table 1. Production conditions and results of different FBGs.

FBG Type Materials Hydrogen Carrier Anneal Modulation Mode Reflectivity Temperature

Common FBG Glass fiber Yes No Refractive index
modulation 80% <400 ◦C

Regenerative FBG Glass fiber Yes No Refractive index
modulation 20% <1000 ◦C

Femtosecond pure
silica FBG Pure silica fiber No Yes Physical destruction 70% >1000 ◦C

In the process of acupuncture, the fluid of the human body can be contacted [30,31].
The main electrolytes in body fluids are Na+, Cl−, K+, SO4−, Ca2+, HPO2−

4 , Mg2+ and
HCO−3 , as well as some organic acids and proteins. Their content affects the refractive
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index of body fluids. By adding optical fiber sensor to the hollow fire needle, the body
temperature in the needle can be monitored more accurately, and at the same time, it can be
determined whether the balance of organic acids and proteins in the body fluid is normal.
Judge by monitoring the refractive index of body fluid. In addition, the optical fiber refrac-
tive index sensor has the ability to expand. Through functional surface modification [32],
specific proteins (antigens) [33], hydrophilic gels [34], etc., the measurement of refractive
index can be converted into virus [35], DNA [36], humidity [37], etc., it is necessary to use
optical fiber sensors to measure refractive index.

As for dual-parameter measurement, two temperature refractive index probes are
often required to detect separately, which will result in low accuracy of the position of the
probed point. Therefore, how to implement a sensor head to measure the temperature
and refractive index of a point at the same time has certain significance. Most temperature
responses have obvious wavelength drift characteristics. If the refractive index is judged
only by the wavelength change, the dual parameters cannot be demodulated. Therefore,
in order to achieve multiparameter measurement, we introduce intensity measurement.
The characteristics of light waves include intensity and wavelength, by monitoring the
wavelength and intensity dual independent variables, the temperature and refractive index
can be measured simultaneously on an FBG structure, and refractive index researcher pay
more attention to intensity type. For example, Kyung Rak Sohn et al. [38] developed an
all-fiber-optic sensors, single-mode and multimode fibers were used to fabricate sensing
probe, and the experiment obtained a sensitivity of 50 dB/RIU in the range of 1.33–1.47.
Cheng Zhang et al. [39] proposed an intensity fiber optic sensor based on double FBGs
cascade structure; the refractive index response sensitivity is segmented; in the range
of 1.3326–1.3702 the refractive index response sensitivity is –199.6 dB/RIU; and in the
range of 1.3702–1.4066, the refractive index response sensitivity is –355.5 dB/RIU. Wen
Zhang et al. [40] proposed a low reflectivity interferometer based on FBG and Fabry–
Perot interferometer; the temperature sensitivities based on FBG peak and PCF-FP dip
in the range of 30–120 ◦C are 11.46 pm/◦C and 8.62 pm/◦C, respectively. The refractive
index sensitivities based on FBG peak and PCF-FP dip in the range of 1.3315–1.3708 are
0 and 9.14 dB/RIU, respectively. In 2019, Yue Wu et al. [41] developed a Fabry–Perot
interferometer based on FBG; the fiber sensor has the temperature sensitivity of 9 pm/◦C in
the range from 10 ◦C to 70 ◦C, and refractive index sensitivity is 33.55 dB/RIU in the range
from 1.333 to 1.413. However, although these sensors have completed dual-parameter
measurement, they still need to optimize the problems of complex structure and small
range. It is necessary to further study dual-parameter optical fiber sensor with small
structure and large measuring range.

In this paper, a dual-parameter sensor used to measure temperature and refractive
index was produced. By comparing the material characteristics of different sensor designs
before and after high temperature, a high temperature resistant FBG was obtained by laser
writing, and the sensor’s refractive index sensitivity was improved by chemical etching.
The sensor’s temperature and refractive index measurement was theoretically analyzed,
verified by experiments. As the temperature and refractive index change, the spectral
peak wavelength and intensity will correspondingly change. The experimental results
show that the smart needles made in this way can combine classical acupuncture with
modern technology, thereby optimizing the acupuncture needle burning process and the
measurement process. It is more conducive to the improvement of medical standards and
contributes to the integration of medicine and engineering.

2. Materials and Methods
2.1. Material Selection and Analysis

The material properties of glass optical fiber FBG, regenerated FBG and pure silica
FBG before and after high temperature are analyzed. The three kinds of fiber grating
materials at room temperature and 1000 ◦C were put into X-ray diffraction (XRD) (Xpert
Pro, Rotterdam, The Netherlands), and various materials were analyzed in detail using
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monochromatic CuKα (λ = 1.54 Å). The angle between the incident angle and the reflection
angle of X-rays is 2θ.

Compare material properties at room temperature and after a high temperature of
1000 ◦C, the glass FBG material will transform from amorphous to cristobalite crystals. The
peak strength is different, and the material composition changes. As shown in Figure 1a,
the calcite is precipitated. The strongest diffraction peak occurs at 29.1◦ matching the first
peak of cristobalite SiO2 crystal face (111) (PDF No. 82–1406) and 31.7◦ matching the second
peak, which are consistent with the crystal faces of cristobalite (102). The result shows
that glass optical fiber produces degradation phenomenon, which makes the spectrum
disappear, and this material is not suitable for high temperature measurement.
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After thermal annealing at high temperature, the crystal image of the regenerative
FBG will change significantly, the XRD pattern is shown in Figure 1b. It can be noted that
the crystal structure of optical fiber after annealing treatments significantly different from
the optical fiber which is amorphous. For the fiber after 1000 ◦C annealing steps, its crystal
structure is SiO2, and the strongest diffraction peak occurs at 21.2◦ matching the first peak
of SiO2 crystal face (100) (PDF No. 33–1161). Some weak peaks are also observed, which are
consistent with the crystal faces of SiO2 (101), (110), (112), (210), respectively. It indicates
that new crystal (SiO2) has been formed after annealing. Although the manufactured sensor
has a stable composition distribution, the sensor material has changed from before, and the
mechanical strength has decreased, which is not conducive to use as a high-temperature
material.

Pure silica FBG is a sensor based on silica glass as the core material. The core and
cladding materials of pure silica fiber are both silica glass, but the refractive index of the
core silica glass is higher than that of the cladding silica glass through doping technology.
Its chemical composition is mainly doped with Na2SiO3, CaSiO3, Na2O·CaO·6SiO2 and
other components. In the process of heating to 1000 ◦C and cooling to room temperature,
the XRD diagram of the material composition can be shown in Figure 1c. With the temper-
ature rising, the material composition of the material is relatively fixed. This is the main
reason why the pure quartz FBG can work steadily for a long time at high temperature.
Compared with other materials, pure quartz FBG can maintain a more stable amorphous
state after high temperature, and the material composition has no changes. The material
has high stability, does not crystallize like glass optical fibers, and can still ensure a certain
degree of light transmittance at high temperatures. Moreover, pure silica fiber grating is
different from regenerative FBG, and it still has a certain mechanical strength after high
temperature. Therefore, pure silica fiber is a good optical fiber material that can with-
stand high temperatures and can be used to make fiber optic sensor in high temperature
environment.
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2.2. Measurement Method of Temperature Wavelength Sensor

The transmission process of light in the FBG is shown in Figure 2. The optical transmis-
sion mode is mainly represented by transmitted light propagating forward and reflected
light propagating backward in the core.

Materials 2021, 14, x FOR PEER REVIEW 5 of 24 

 

 

the XRD diagram of the material composition can be shown in Figure 1c. With the tem-

perature rising, the material composition of the material is relatively fixed. This is the 

main reason why the pure quartz FBG can work steadily for a long time at high tempera-

ture. Compared with other materials, pure quartz FBG can maintain a more stable amor-

phous state after high temperature, and the material composition has no changes. The 

material has high stability, does not crystallize like glass optical fibers, and can still ensure 

a certain degree of light transmittance at high temperatures. Moreover, pure silica fiber 

grating is different from regenerative FBG, and it still has a certain mechanical strength 

after high temperature. Therefore, pure silica fiber is a good optical fiber material that can 

withstand high temperatures and can be used to make fiber optic sensor in high temper-

ature environment. 

2.2. Measurement Method of Temperature Wavelength Sensor 

The transmission process of light in the FBG is shown in Figure 2. The optical trans-

mission mode is mainly represented by transmitted light propagating forward and re-

flected light propagating backward in the core. 

  

Incident Light

Incident 

light

P

λ 

P

λ 

Reflected light

Transmitted 

light

Cladding

Core

Fiber grating

Reflected light
λ 

Transmitted lightP

 

Figure 2. Spectral characteristics of fiber grating sensing. 

The Bragg equation of fiber grating is: 

ΛneffB 2=  (1) 

When the temperature changes, due to thermo-optical and thermal expansion effects, 

the effective refractive index neff and grating period Λ  will change accordingly. This will 

cause the center wavelength
B change. Performing differential decomposition on Equa-

tion (1), we can get Equation (2): 

( )












+













++




=













+
















+




=












+








+




=













+




+








=




+












=

T
T

Λ
Λa

a

n
nT

T

n

a
a

a
a

a
a

a
a

a
a

a
a

a
aa

ep

B

eff
eff

eff
eff

eff
effeffeff

effeff
effeff

eff
eff

eff
eff

eff
eff

eff
eff

n2

ΔT
T

Λ
nΛΔ

Λ

Λ

n
+Δ

n
ΔT

T

n
2ΔT

T

Λ
nΔ

Λ
n+Δ

n
ΛΔT

T

n
Λ2

ΔT
T

Λ
nΔT

T

n
ΛΔ

Λ
n+Δ

n
Λ2T)

T

Λ
n

T

n
2(Λ+)Δ

Λ
n+

n
2(Λ

 

(2) 

In the equation, (△neff)ep represents the elastic-optical effect caused by thermal expan-

sion, 
T

Λ





 

is the thermal expansion coefficient of Λ  and 
a

 effn  is the waveguide effect 

Figure 2. Spectral characteristics of fiber grating sensing.

The Bragg equation of fiber grating is:

λB = 2ne f f Λ (1)

When the temperature changes, due to thermo-optical and thermal expansion effects,
the effective refractive index neff and grating period Λ will change accordingly. This
will cause the center wavelength λB change. Performing differential decomposition on
Equation (1), we can get Equation (2):
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(
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In the equation, (∆neff )ep represents the elastic-optical effect caused by thermal expan-

sion, ∂Λ
∂T is the thermal expansion coefficient of Λ and ∂neff

∂a is the waveguide effect caused
by the thermal expansion. In the temperature experiment, when the center wavelength
of the sensor is known, the drift of the wavelength relative to the center wavelength is as
shown in Equation (3), which can be obtained by Equation (1) and Equation (2). When
the material is constant, the changes in refractive index, waveguide structure and grating
period due to thermo-optical effects and thermal expansion effects are constant. Therefore,
the wavelength shift is positively related to temperature.
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2.3. Measuring Method of Refractive Index Intensity Type Sensor

The intensity change of the sensor is based on the reflection coefficient at the boundary
between two different media. Figure 3 shows that the wave incident on the plane boundary
is partially transmitted and reflected. As shown in Figure 4, The process of Finier reflection
on the grating is simulated by BPM software. Among them, the yellow part is the fiber
cladding, the red part is the fiber core part, the light green part is the FBG, and the dark
green part is the environment to be tested. The incident light enters the grating from bottom
to top, and a strong Fresnel reflection occurs on the end face of the fiber optic sensor.
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Figure 4. Fresnel reflection analysis based on BPM software.

Observed from the side, it is found that the intensity distribution on the grating
structure has high bright spots, which characterizes the strong reflection of the grating part.
In addition, Figure 5b,c are the intensity distribution of the transmitted light before and
after the grating, respectively. It can be seen from the light intensity distribution on the end
surface that after being reflected by the grating, a small amount of transmitted light will
pass through, and the end surface will be reflected again and transmitted to the external
environment to be lost.
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Analyze the light passing through the grating, as shown in Figure 5. Due to the
mismatch of refractive index, the reflected light intensity of the sensor will change with the
change of the external environment, and then an intensity type refractive index sensor is
obtained. In order to improve the sensitivity of the sensor, we add the refractive index loss
on the side of the sensor, as shown in Figure 6.
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Figure 6. The loss analysis of optical fiber sensing probe.

Further analysis of the sensor probe shows that when the light propagates in a short
distance, it will produce higher-order modes and mainly propagate in the cladding. As
shown in Figure 7, based on the optical analysis software, combined with our structural
design, the fiber probes with core and cladding diameters of 10 µm and 60 µm, and
refractive indexes of 1.4681 and 1.4544 were analyzed. Based on the light refraction law,
the refractive index of the external environment will affect the loss of high-order modes,
and then realize the intensity response of the sensor.



Materials 2021, 14, 1028 8 of 23Materials 2021, 14, x FOR PEER REVIEW 8 of 24 

 

 

 

Figure 7. Mode field distribution of different modes. 

3. Production and Packaging 

In the experimental design, pure quartz fiber is selected as the basic material, and 

femtosecond writing method is used to write FBG with stable sensor structure. Secondly, 

hydrofluoric acid (HF) is used to corrode the fiber probe to improve the sensitivity of re-

fractive index response of the sensor. Thirdly, a cutter is used to cut one end of the sensor 

to increase the sensitivity of refractive index response of the sensor. The end face of the 

probe after cutting is detected and analyzed to ensure the flatness of the end face. Finally, 

the sensor is packaged in the cavity of the hollow needle, and cured by adding high tem-

perature glue. The production and fixation of the sensor are achieved through the above 

steps, as shown in Figure 8. 

Laser writing Optical fiber 
corrosion

End-face cut-off End face detection

FBG
Fiber

Laser

High temperature 
packaging

 

Figure 8. Production flow chart of optical fiber sensor. 

3.1. Laser Writing 

Figure 9 is the laboratory photo, because the geometry of the fiber itself is cylindrical, 

the bent cladding and core structure will defocus the focal point of the femtosecond laser 

during the femtosecond direct writing process, which greatly reduces the power of the 

focus area. It can even cause problems such as the FBG cannot be written. In this process, 

a refractive index matching liquid with a higher numerical aperture can improve the de-

focusing problem of the light spot. When the laser is focused on the fiber core through the 

objective lens, because the refractive index of the refractive index matching liquid is sim-

ilar to that of the fiber cladding, the effect of the cylindrical lens on the fiber surface can 

be better reduced. 

LP01 LP02 LP03 LP04

LP08LP07LP06LP05

LP11 LP12

LP16LP15

LP13 LP14

LP16LP15

Figure 7. Mode field distribution of different modes.

3. Production and Packaging

In the experimental design, pure quartz fiber is selected as the basic material, and
femtosecond writing method is used to write FBG with stable sensor structure. Secondly,
hydrofluoric acid (HF) is used to corrode the fiber probe to improve the sensitivity of
refractive index response of the sensor. Thirdly, a cutter is used to cut one end of the
sensor to increase the sensitivity of refractive index response of the sensor. The end face
of the probe after cutting is detected and analyzed to ensure the flatness of the end face.
Finally, the sensor is packaged in the cavity of the hollow needle, and cured by adding
high temperature glue. The production and fixation of the sensor are achieved through the
above steps, as shown in Figure 8.
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Figure 8. Production flow chart of optical fiber sensor.

3.1. Laser Writing

Figure 9 is the laboratory photo, because the geometry of the fiber itself is cylindrical,
the bent cladding and core structure will defocus the focal point of the femtosecond laser
during the femtosecond direct writing process, which greatly reduces the power of the
focus area. It can even cause problems such as the FBG cannot be written. In this process,
a refractive index matching liquid with a higher numerical aperture can improve the
defocusing problem of the light spot. When the laser is focused on the fiber core through
the objective lens, because the refractive index of the refractive index matching liquid is
similar to that of the fiber cladding, the effect of the cylindrical lens on the fiber surface can
be better reduced.
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Figure 9. Inscribe fiber grating with femtosecond: (a) Schematic diagram of grating writing structure; (b) Monitoring
interface during the writing process.

The specific steps are as follows: Firstly, a low-power objective lens is used to find the
fiber cladding, and a high-power objective lens with high numerical aperture is used to
find the fiber core. When the fiber core is observed clearly under charge coupled device
(CCD), the actual focus of femtosecond laser is usually near 1 µm below the plane because
the CCD focus and femtosecond system focus are not consistent. By adjusting the position
of the focusing plane, the written refractive index modulation point is located in the central
region of the fiber core. After the femtosecond laser beam is focused by the objective
lens, the beam waist radius is about 0.5 µm, and the written spot diameter is about 1 µm.
According to Equation (3), we chose to write the second order point by point FBG with a
period of 1.112 µm and a length of about 4 mm.

3.2. Etching of the Sensor and End Face Cutting

It is also necessary to chemically etch the fiber cladding to improve the refractive
index sensitivity of the sensor. As shown in Formulas (4) and (5), when the concentration
is in the range of 2% to 24%, two etching reactions take place simultaneously. The SiF4
produced is not a stable substance, which will produce fluorosilicic acid when it meets
with water. Because only the second reaction takes place at high concentration, 40% HF is
selected in this experiment.

SiO2 + 4HF → SiF4 + 2H2O (4)

SiO2 + 6HF → H2SiF4 + 2H2O (5)

Considering the fluidity of HF solution, glycerol is dripped on both ends of the fiber
in order to prevent the acid from diffusing along the fiber to the non-corrosive region and
corroding other fibers. Because glycerol is viscous, small mobility, and because glycerol
and HF reaction is slow, it can effectively prevent HF diffusion to the coupling point and
input and output fiber, thus avoiding etching to the part outside the sensor.

Then, at a room temperature of 20 ◦C, use a pipette to draw 40% HF solution onto the
glass slide and record the dripping time. After 20 min, use a needle to quickly suck away
the HF and quickly drop a 10% NaOH solution (high concentration will react violently to
break the thin optical fiber) to neutralize the remaining HF. Suck away the solution in the
tube and wash the optical fiber with clean water. The photo of the optical fiber taken before
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and after etching is shown in Figure 10. The diameter of optical fiber changed from 125 µm
to 60 µm by etching.
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Figure 10. Optical fiber sensor before and after the etching: (a) Optical fiber before etching 125 µm; (b) Optical fiber after
etching 60 µm.

3.3. Fixing of Sensor Probe

In the sensor probe, there are two parts that directly contact the external environment:
the temperature sensor and package structure part. The sensor is located at the front end
of the sensor probe, used to sense the temperature and refractive index. In order to enable
the sensor probe to contact the external environment, the package structure need to be
designed as a through-hole structure. In this paper, a hollow fire needle is used as the
package structure.

Fire needle is a needle with a name, from “Preparation of Emergency Medicine”. Now
it is mostly made of stainless steel, and the hot needle is usually a hollow needle with a
diameter of 0.4 to 0.6 mm. The appearance of the hollow needle is basically the same as that
of ordinary acupuncture needles, and 5 to 1.5 inches are more commonly used. The needle
body is thick and round, sharp, heat dissipating quickly, and difficult to deform. When
using, burn the needle to red, and puncture the selected part quickly. Coat the surface
of the optical fiber with liquid high temperature glue, put the sensor in the cavity of the
hollow needle, and use the glue to fix the sensor through high temperature curing. Based
on the control of the etching time, the size of the sensor is changed to 60 µm. By adjusting
the height of the cutter, the thin optical fiber can be cut smoothly, and the cutting effect
can be checked by the End-face Detection. As shown in Figure 11, first apply glue on a
section of the lead-out optical fiber at the back of the sensor probe; then put the optical
fiber into the hollow needle, and fill the end of the hollow needle with glue after fixing the
optical fiber, and finally wait for the sensor and the hollow needle to be tightened before
measuring. Because the sensing probe is not fixed with glue, it is structurally fixed by the
conductive fiber and the inner wall of the hollow needle. Therefore, the stress mainly acts
on the lead-out fiber, and the sensor has no obvious influence.
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4. Results
4.1. Temperature Measurement

To calibrate the temperature characteristics of the sensor, a temperature measurement
test platform is established as shown in Figure 12, which is composed of a broad band
light source (spectral range: 1500–1600 nm, BBS) and an optical spectrum analyzer (OSA)
(wavelength resolution: 0.02 nm). The light output from BBS is transmitted to the sensor,
and then some reflected light is reflected back from the transmission fiber to OSA.
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Figure 12. A schematic diagram of the experimental device for temperature measurement.

The sensor is placed in a furnace to measure temperature characteristics. As the
furnace temperature changes from 30 ◦C to 1150 ◦C, the spectra of the FBG will drift with
different temperature. Figure 13 is the high temperature experiment site in laboratory.
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Figure 13. High temperature measurement experiment in laboratory.

The sensor is placed in a furnace to study the thermal effect. Figure 14 is the wave-
length shift with the increase of temperature. The measured data are represented by the
dots, and the fitting line are obtained by using least squares linear fit, as shown in Figure 15.
The experimental results show that the temperature response sensitivity is 0.0134 nm/◦C
with a good linearity, and the influence of temperature on the spectral intensity is not
obvious. As a result, the external temperature can be detected based on the wavelength
peak drift of the spectrum.
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Figure 15. Temperature response sensitivity of the sensor.

Subsequently, the dynamic characteristics of the sensor are measured. A temperature
calibration experiment was carried out at the Beijing Great Wall Metrology and Testing
Technology Research Institute of Aviation Industry Corporation of China (Beijing, China).
The name of the equipment used for calibration is the RD-05 thermal calibration wind
tunnel (304 Research Institute, Beijing, China), which has a temperature measurement
range up to 1100 ◦C, and a Mach number range of 0.2 Mach to 0.9 Mach. The working
temperature values are around 30.1 ◦C, 890.2 ◦C, 1100.8 ◦C, respectively.

Finally, the institute issued a calibration report of the sensor at high temperature to
characterize that the sensor can withstand a high temperature of 1100 ◦C. Table 2 lists the
calibration results of high temperature measurement deviation.
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Table 2. Calibration result of temperature measurement deviation.

Sensor Number Mach Number
[Ma]

Reference
Temperature

[tg0/◦C]

Temperature to be
Calibrated

[ti/◦C]

Temperature
Difference

[∆ti/◦C]

Extended
Uncertainty

[U(∆ti)/◦C (k = 2)]

Xjtuipe-lbsfs 0.198 890.2 889.7 0.5 17
0.202 1100.8 1100.3 0.5 19

Based on the above experiment, we use the manufactured sensor for the needle
burning process. As shown in Figure 16, the experiment will conduct experimental research
on the different states of acupuncture needles during needle burning, such as normal
temperature, inner flame, middle flame and outer flame. The experimental results are as
shown in Figure 17.
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The experimental results are shown in Table 3. By monitoring the wavelength of the
reflection peak and referring to the sensitivity of the temperature response, the temperature
value in different environments can be obtained.

Table 3. Measure the temperature at different environments through spectral intensity.

Measuring Position Normal Temperature Inner Flame Middle Flame Outer Flame

Wavelength (nm) 1554.14 1559.52 1562.64 1565.56
Temperature (◦C) 30.6 432.1 664.9 882.8

4.2. Refractive Index Measurement

As mentioned in the introduction, refractive index measurement makes a great con-
tribution to medical research. In addition, if the change in refractive index is wavelength
type, it will affect the accuracy of temperature measurement. Therefore, the study of the
refractive index characteristics of the sensor is also very necessary. In the experiment,
different concentrations of sucrose solution are configured as refractive index samples, and
the refractive indexes are 1.351, 1.357, 1.369, 1.3788, 1.3872, 1.3941, 1.3872 after being tested
by Abbe refractive index detector (Mince Instrument, Fujian, China). The experimental
device diagram is shown in Figure 18. The light emitted by the BBS is incident on the sensor,
and the MS740A spectrometer (Anritsu, Tokyo, Japan) is used to measure the reflectance
spectrum. During the refractive index measurement process, put liquids with different
refractive indices into the container, and the sensor is immersed in the liquid. After com-
pleting a measurement, clean the sensor with absolute ethanol after each measurement,
and dry it until the response spectrum is consistent with the original spectrum of the sensor
in the air, then proceed to the next refractive index experiment.
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Figure 18. A schematic diagram of the experimental device for refractive index measurement.

The spectra of sensor in different refractive index solutions are measured experimen-
tally. When the refractive index of analytes changes, the intensity of sensor spectrum will
change. The refractive index can be measured by measuring the peak intensity. In the
experiment, the peak at the wavelength of 1554.15 nm was selected as the monitoring
object, and its intensity changes under different refractive indexes were recorded. It can be
seen from the Figure 16 that when the refractive index of the ambient liquid varies from
1.333 to 1.4027, the power of the reflection peak decreases with the increase of the external
refractive index.

The real points in Figure 19 are experimental data, and the solid lines are linear
fitting lines. With the increase of external refractive index, the spectral peak intensity
decreases and the refractive index response sensitivity is −49.044 dB/RIU. In addition, the
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wavelength response to the refractive index is studied, and the experiment found that when
the refractive index changes greatly, the center wavelength of the interference spectrum
will also move to a certain extent, and the response sensitivity is 0.053 nm/RIU. We also
studied the refractive index response of the sensor, and obtained the change of spectral
intensity and wavelength with refractive index, as shown in Figure 20.
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In order to further verify the reliability of the hollow acupuncture measurement
system in practical applications, the fish blood was taken out and put into a test tube.
The blood concentration is changed by adding inorganic salt and purified water, and
the concentration of the blood sample is calibrated with a refractometer, as shown in
Figure 21. Insert the hollow needle with the optical fiber sensor into the blood of different
concentration to realize the measurement of the refractive index of the fish blood reagent
under the different concentration.



Materials 2021, 14, 1028 16 of 23

Materials 2021, 14, x FOR PEER REVIEW 17 of 24 

 

 

 

Figure 21. Refractive index experiment of blood samples with different refractive indices. 

The experimental results are shown in Figure 22. Under the condition of a certain 

temperature, the sensor performs intensity response test on blood samples with different 

refractive indexes. By monitoring the intensity of the reflection peak and referring to the 

sensitivity of the refractive index response, the refractive index value of the blood sample 

can be obtained, as shown in Table 4. Through the biological blood, certain data support 

can be provided for medical diagnosis and treatment. 

 

Figure 22. Spectra of blood samples with different refractive indices. 

 

Figure 21. Refractive index experiment of blood samples with different refractive indices.

The experimental results are shown in Figure 22. Under the condition of a certain
temperature, the sensor performs intensity response test on blood samples with different
refractive indexes. By monitoring the intensity of the reflection peak and referring to the
sensitivity of the refractive index response, the refractive index value of the blood sample
can be obtained, as shown in Table 4. Through the biological blood, certain data support
can be provided for medical diagnosis and treatment.
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Table 4. Measure the refractive index of each sample through spectral intensity.

Liquid Sample 1 2 3 4 5 6

Intensity (dBm) −48.870 −48.747 −48.281 −46.467 −46.403 −45.682
Measured refractive

index (RIU) 1.398 1.3955 1.386 1.349 1.3477 1.333

5. Discussion
5.1. Temperature Response Characteristics of Sensor Wavelength

The wavelength change is related to the wavelength band, the thermo-optical coeffi-
cient and the thermal expansion coefficient. When the temperature changes, the grating
period and effective refractive index will change, which will cause the wavelength shift.
Equation (3) can be written as

∆λB =

[
ξ + α +

1
neff

∂(∆neff)ep

∂T
+

∂neff
∂a

∆a
∆T

]
λB∆T = ηλB∆T (6)

among them, ξ represents the thermo-optical coefficient of fiber grating 1
neff

∂neff
∂T . Means, α

represents the thermal expansion coefficient 1
Λ

∂Λ
∂T .η is the temperature sensitivity coefficient

of FBG and can be written as

η = ξ + α +
1

neff

∂(∆neff)ep

∂T
+

1
neff

∂neff
∂a

∆a
∆T

(7)

when the material is determined, η is a positive constant related to the material coefficient
basically. The center wavelength of the sensor in the experiment is also a positive number
at 1554.15 nm. Based on Formula (6), it can be known that the center wavelength shifts to
the long wave direction as the temperature increases. The theoretical analysis is consistent
with the experimental results. Because of the effect of elasto-optical effect is smaller than
the thermo-optical coefficient, so they can completely ignore their impact on temperature
sensitivity coefficient. Therefore, Equation (7) can be written as Equation (8), which can
be used to explain that the sensor has a good wavelength linear output in the experiment.
Theory and experiment can correspond reasonably.

η = ξ + α (8)

5.2. Refractive Index Response Characteristics of Sensor Intensity

When the refractive index changes, the response of the sensor’s intensity is mainly
composed of the side high-order light loss and the end-face transmitted light loss. In
the proposed sensor, the reflection coefficients at the boundary between two different
dielectric media are different. When the cladding of the optical fiber is corroded, due to the
change of the waveguide structure, some light of the cladding restricted by the cladding
enters the surrounding medium. Before explaining the principle of the proposed sensor,
the reflection coefficients for waves that are polarized perpendicular (s-polarized) and
parallel (p-polarized) to the plane of incidence can be defined in advance. For side light
loss, the longitudinal loss of higher-order modes is represented by rs. The loss of higher-
order modes in the lateral direction is represented by rp. With the change of the external
refractive index, some light in the optical fiber does not meet the reflection conditions in
the solution [38,42]. The reflectance equation can be written as:

rs =
−n2

2 cos θ1 + n1

√(
n2

2 − n2
1 sin2 θ1

)
n2

2 cos θ1 + n1

√(
n2

2 − n2
1 sin2 θ1

) (9)
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rp =
n1 cos θ1 −

√(
n2

2 − n2
1 sin2 θ1

)
n1 cos θ1 +

√(
n2

2 − n2
1 sin2 θ1

) (10)

Coupled with the cutting of one end of the sensor, the end face of the optical fiber will
also produce end-face light loss, as shown in the following formula.

rs
′ =
−n2

2 cos θ1 + n0

√(
n2

2 − n2
0 sin2 θ2

)
n2

2 cos θ1 + n0

√(
n2

2 − n2
0 sin2 θ2

) (11)

rp
′ =

n1 cos θ2 −
√(

n2
2 − n2

0 sin2 θ2
)

n1 cos θ2 +
√(

n2
2 − n2

0 sin2 θ2
) (12)

where n0, n1 and n2 represent the refractive indices of optical fiber core, optical fiber clading
and external refractive index, respectively. Where n0 = 1.4681, n1 = 1.4544. The intensity of
the reflected light Ir depends on the external refractive index n2. It can be expressed as the
following formula:

Ir = I0 − I0 × r = I0 − I0 ×
(
rs + rp + rs

′ + rp
′)

= I0 − I0 ×


−n2

2 cos θ1+n1

√
(n2

2−n2
1 sin2 θ1)

n2
2 cos θ1+n1

√
(n2

2−n2
1 sin2 θ1)

+
n1 cos θ1−

√
(n2

2−n2
1 sin2 θ1)

n1 cos θ1+
√
(n2

2−n2
1 sin2 θ1)

+
−n2

2 cos θ2+n0

√
(n2

2−n2
0 sin2 θ2)

n2
2 cos θ2+n0

√
(n2

2−n2
0 sin2 θ2)

+
n1 cos θ2−

√
(n2

2−n2
0 sin2 θ2)

n1 cos θ2+
√
(n2

2−n2
0 sin2 θ2)


≈ I0 ×

[
1−

−n2
2 cos θ1+n1

√
(n2

2−n2
1 sin2 θ1)

n2
2 cos θ1+n1

√
(n2

2−n2
1 sin2 θ1)

−
n1 cos θ1−

√
(n2

2−n2
1 sin2 θ1)

n1 cos θ1+
√
(n2

2−n2
1 sin2 θ1)

− −n2
2+n0n2

n2
2+n0n2

− n1−n2
n1+n2

] (13)

I0 represents the incident light intensity, which can be set to unit 1. θ2 is the incident
angle of light parallel to the optical axis. Based on the limitation of the numerical aperture,
the incident angle is very small and can be approximated to 0. θ1 is the light incident angle
perpendicular to the optical axis. Because the lost light intensity is mainly concentrated
in a small angle range, we have analyzed small angles ranging from 0 to 50◦. Through
MATLAB software simulation, we can get the change of intensity with external refractive
index at different angles based on Formula (13), as shown in Figure 23.
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When the three-dimensional simulation diagram of Figure 23 is turned to the intensity
as the ordinate and the external refractive index as the abscissa. The intensity of the
reflected light decreases with the increase of the external refractive index, and the spectral
intensity changes linearly with the refractive index, as shown in Figure 24. The theoretical
simulation is consistent with the experimental results.
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5.3. Two-Parameter Simultaneous Measurement Analysis

When the temperature and refractive index of the environment to be measured change
at the same time. We can sort out the temperature and refractive index response of the
sensor, and get the spectral characteristic signal changes with temperature and refractive
index [43]. [

∆λ
∆I

]
=

[
KTλ Knλ

KTI KnI

][
∆T
∆n

]
(14)

Equation (14) can be written as:[
∆T
∆n

]
=

[
KTλ Knλ

KTI KnI

]−1[ ∆λ
∆I

]
(15)

With the response sensitivity data, the temperature and refractive index of the mea-
surement point can be obtained from sensitivity matrix equation, as shown in Equation (16).[

∆T
∆n

]
=

[
0.0134 −0.00001
0.053 −49.044

]−1[ ∆λ
∆I

]
(16)

Based on the above analysis, we performed acupuncture on fish to complete the
verification of Two-parameter simultaneous measurement. As shown in Figure 25, the
experiment used hollow acupuncture needles to measure the belly and gill of fish. Because
the fish is taken out from the water, we have also conducted experimental research on
water. The experimental results are shown in Figure 26, the refractive index of the gill is
slightly larger than the abdomen. Therefore, when the acupuncture needle is pierced into
the fish, the reflection wavelength will move based on the temperature and refractive index
accordingly.
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Figure 26. Experimental spectrum during acupuncture.

By monitoring the reflectance spectrum and referring to the sensitivity equation,
the refractive index value and temperature can be obtained, as shown in Table 5. In the
experiment, the water temperature was 8 ◦C, the fish maw temperature was 10 ◦C, and the
fish gill temperature was 12 ◦C. In addition, the refractive index of fish gills is the largest at
1.387, the refractive index of fish maw is 1.379, and the refractive index of water is 1.333.
The position of the needle can be roughly distinguished by the refractive index.
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Table 5. Temperature and refractive index measurement values at different measurement points
in acupuncture.

Measuring Position Spectrum in Water Fish Maw
Measurement

Fish Gill
Measurement

Wavelength (nm) 1553.84 1553.86 1553.90
Intensity (dBm) −45.682 −47.938 −48.331

Temperature (◦C) 8 10 12
refractive index (RIU) 1.333 1.379 1.387

6. Conclusions

A compact optical fiber sensing structure for temperature and refractive index mea-
surement is proposed in this paper. Femtosecond laser writing method is selected to write
pure silica fiber to improve temperature tolerance. At the same time, the FBG is corroded
to realize the measurement of the refractive index. In the temperature range up to 1150 ◦C,
the temperature sensitivity can be maintained at 0.0134 nm/◦C, and the refractive index
sensitivity from 1.333 to 1.4027 is −49.044 dB/RIU. Based on sensitivity matrix equation,
the dual-parameter detection of temperature and refractive index is realized. In addition
to the improvement of the functions of the acupuncture needle, this kind of temperature-
refractive index dual-parameter measurement has great application prospects in the field
of biomedicine, and it is one of the breakthroughs in the integration of medicine and
engineering.

Author Contributions: Conceptualization, N.Z. and Q.L.; Data curation, N.Z. and F.C.; Formal
analysis, Q.L. and F.Z.; Funding acquisition, Z.J.; Investigation, K.Y.; Methodology, N.Z.; Project
administration, N.Z., Q.L. and Z.J.; Software, N.Z. and K.Y.; Supervision, Q.L.; Visualization, F.Z. and
B.T.; Writing—original draft, N.Z.; Writing—review & editing, Q.L. All authors have read and agreed
to the published version of the manuscript.

Funding: This work is supported by the Postdoctoral Innovative Talent Support Program (Grant
No. BX20200274) and the National Natural Science Foundation of China (Grant Nos. 51805421,
51720105016, and 91748207) for financial support.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data sharing is not applicable to this article.

Acknowledgments: We also appreciate the support from the International Joint Laboratory for
Micro/Nano Manufacturing and Measurement Technologies.

Conflicts of Interest: The funders had no role in the design of the study; in the collection, analyses,
or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.

References
1. Zhang, X. To Explore the Hollow Needle Acupuncture Treatment the Clinical Curative Effect of Chronic Lumbocrural Pain. Guide

China Med. 2014. [CrossRef]
2. Zhao, H.; Li, Y.J.; Liu, R.J.; Zhao, F.Y.; Hu, Y.Q. Synthesis Method for Silica Needle-Shaped Nano-Hollow Structure. Mater. Lett.

2008, 62, 3401–3403. [CrossRef]
3. Richard, C.H.; Stephen, J.M.; Patrick, O.; Tracy, S.H. Lateral Canthopexy Using the Hollow Needle Technique. Plast. Reconstr.

Surg. 2006, 117, 1289–1291.
4. Zhang, W.W.; Gao, S.M.; Chen, D.H. Preparation of Ce3+ Doped Bi2O3 Hollow Needle-Shape with Enhanced Visible-Light

Photocatalytic Activity. J. Rare Earths 2019, 37, 726–731. [CrossRef]
5. Zhang, Y.H.; Stephen, A.C.; Sreejith, K. Finite Element Analysis of Hollow out-of-Plane HfO2 Microneedles for Transdermal Drug

Delivery Applications. Biomed. Microdevices 2018, 20, 19. [CrossRef]
6. Ji, S.Y.; Li, R.; Cai, Z.; Pan, D.; Yang, L.; Hu, Y.L.; Li, J.W.; Wu, D.; Chu, J.R. Holographic Femtosecond Laser Integration of

Microtube Arrays inside a Hollow Needle as a Lab-in-a-Needle Device. Opt. Lett. 2019, 44, 5073–5076. [CrossRef] [PubMed]

http://doi.org/10.15912/j.cnki.gocm.2014.31.021
http://doi.org/10.1016/j.matlet.2008.03.020
http://doi.org/10.1016/j.jre.2018.12.007
http://doi.org/10.1007/s10544-018-0262-z
http://doi.org/10.1364/OL.44.005073
http://www.ncbi.nlm.nih.gov/pubmed/31613267


Materials 2021, 14, 1028 22 of 23

7. Du, G.S.; Hathout, R.M.; Nasr, M.; Nejadnik, M.R.; Tu, J.; Koning, R.I.; Koster, A.J.; Slütter, B.; Kros, A.; Jiskoot, W.; et al.
Intradermal Vaccination with Hollow Microneedles: A Comparative Study of Various Protein Antigen and Adjuvant Encapsulated
Nanoparticles. J. Control. Release 2017, 266, 109–118. [CrossRef]

8. Chen, L.; Dong, L.; She, L.; Zhang, H.Z.; Wang, X.D.; Yan, Z.C.; Wu, W.; Yang, L. Treatment of Chronic Subdural Hematoma by
Novel YL-1 Hollow Needle Aspiration Drainage System (697 Cases Report). Neurol. Sci. 2017, 38, 109–113. [CrossRef] [PubMed]

9. Yang, J. Dacheng of Acupuncture and Moxibustion; People’s Medical Publishing House: Beijing, China, 1988.
10. Gomes, A.D.; Becker, M.; Dellith, J.; Zibaii, M.I.; Latifi, H.; Rothhardt, M.; Bartelt, H.; Frazão, O. Multimode Fabry−Perot

Interferometer Probe Based on Vernier Effect for Enhanced Temperature Sensing. Sensors 2019, 19, 453. [CrossRef] [PubMed]
11. Zhang, F.Z.; Zhao, N.; Lin, Q.J.; Wu, Z.R.; Tian, B.; Shi, P.; Yang, P.; Jiang, Z.D. The influence of key characteristic parameters on

performance of optical fiber Fabry–Perot temperature sensor. AIP Adv. 2020, 10, 085119. [CrossRef]
12. Tian, Z.B.; Scott, S.H.; Hans, P.L. Refractive Index Sensor Based on an Abrupt Taper Michelson Interferometer in a Single-Mode

Fiber. Opt. Lett. 2008, 33, 1105–1107. [CrossRef]
13. Ahsani, V. Tapered Fiber-Optic Mach-Zehnder Interferometer for Ultra-High Sensitivity Measurement of Refractive Index. Sensors

2019, 19, 1652. [CrossRef]
14. Fan, X.; Wang, Q.; Zhou, M.; Liu, F.; Shen, H.; Wei, Z.; Wang, F.; Tan, C.; Meng, H. Humidity Sensor Based on a Graphene

Oxide-Coated Few-Mode Fiber Mach-Zehnder Interferometer. Opt. Express 2020, 28, 24682–24692. [CrossRef] [PubMed]
15. Liu, Q.; Wang, S.W.; Fu, X.H.; Fu, G.W.; Jin, W.; Bi, W.H. Refractive index insensitive temperature sensor based on waist-enlarged

few mode fiber bitapers. Optoelectron. Lett. 2017, 13, 25–28. [CrossRef]
16. Woyessa, G.; Fasano, A.; Stefani, A.; Markos, C.; Nielsen, K.; Rasmussen, H.K.; Bang, O. Single mode step-index polymer optical

fiber for humidity insensitive high temperature fiber Bragg grating sensors. Opt. Express 2016, 24, 1253. [CrossRef] [PubMed]
17. Fasano, A.; Woyessa, G.; Stajanca, P.; Markos, C.; Stefani, A.; Nielsen, K.; Rasmussen, H.K.; Krebber, K.; Bang, O. Fabrication and

characterization of polycarbonate microstructured polymer optical fibers fo rhigh-temperature-resistant fiber Bragg grating strain
sensors. Opt. Mater. Express 2016, 6, 649–659. [CrossRef]

18. Ganziy, D.; Rose, B.; Bang, O. Performance of low-cost few-mode fiber Bragg grating sensor systems: Polarization sensitivity and
linearity of temperature and strain response. Appl. Opt. 2016, 55, 6156–6161. [CrossRef] [PubMed]

19. Li, T.L.; Tan, Y.G.; Xue, H.; Zheng, K.; Zhou, Z.D. Diaphragm Based Fiber Bragg Grating Acceleration Sensor with Temperature
Compensation. Sensors 2017, 17, 218. [CrossRef] [PubMed]

20. Hill, K.O.; Fujii, Y.; Johnson, D.C.; Kawasaki, B.S. Photosensitivity in optical fiber waveguides: Application to reflection filter
fabrication. Appl. Phys. Lett. 1978, 32, 647–649. [CrossRef]

21. Dong, L.; Cruz, J.L.; Reekie, L.; Xu, M.G.; Payne, D.N. Enhance Photosensitivity in Tin-Codoped Germanosilicate Optical Fibers.
IEEE Photonics Technol. Lett. 1995, 7, 1048–1050. [CrossRef]

22. Rathje, J.; Kristensen, M.; Pedersenj, E. Continuous anneal method for characterizing the thermal stability of ultraviolet Bragg
gratings. J. Appl. Phys. 2000, 88, 1050–1055. [CrossRef]

23. Meltz, G.; Morey, W.W.; Glenn, W.H. Formation of Bragg gratings in optical fibers by a transverse holographic method. Opt. Lett.
1989, 14, 823–825. [CrossRef] [PubMed]

24. Douay, M.; Xiew, W.X.; Taunay, T.; Bernage, P.; Niay, P.; Cordier, P.; Poumellec, B.; Dong, L.; Bayon, J.F.; Poignant, H.; et al.
Densification involved in the UV-based photo sensitivity of silica glasses and optical fiber. J. Lightwave Technol. 1997, 15, 1329–1342.
[CrossRef]

25. Miao, Y.P.; Liu, B.; Zhao, Q.D. Refractive index sensor based on measuring the transmission power of tilted fiber Bragg grating.
Opt. Fiber Technol. 2009, 15, 233–236. [CrossRef]

26. He, J.; Wang, Y.P.; Liao, C.R.; Wang, C.; Liu, S.; Yang, K.M.; Wang, Y.; Yuan, X.C.; Wang, G.P.; Zhang, W.N. Negative-Index
Gratings Formed by Femtosecond Laser Overexposure and Thermal Regeneration. Sci. Rep. 2016, 6, 23379. [CrossRef] [PubMed]

27. Lowder, T.L.; Smith, K.H.; Ipson, B.L.; Hawkins, A.R.; Selfridge, R.H.; Schultz, S.M. High-Temperature Sensing Using Surface
Relief Fiber Bragg Gratings. IEEE Photonics Technol. Lett. 2005, 17, 1926–1928. [CrossRef]

28. Mamidi, V.R.; Kamineni, S.; Ravinuthala, L.N.S.P.; Martha, M.; Madhuvarasu, S.S.; Thumu, V.R. High-temperature measurement
using fiber Bragg grating sensor accompanied by a low-cost detection system. J. Appl. Remote Sens. 2015, 9, 094098. [CrossRef]

29. Ding, X.D.; Zhang, Y.M.; Song, Y.M.; Yang, R.T.; Zhu, L.Q. Response Characteristics of Pure-Quartz-Core Fiber Bragg Grating
Under High Temperature Strain. Chin. J. Lasers 2017, 11, 175–181.

30. Qian, Y.; Zhao, Y.; Wu, Q.L.; Yang, Y. Review of salinity measurement technology based on optical fiber sensor. Sens. Actuators B
Chem. 2018, 260, 86–105. [CrossRef]

31. Lee, B.H.; Kim, Y.H.; Park, K.S.; Eom, J.B.; Kim, M.J.; Rho, B.S.; Choi, H.Y. Interferometric fiber optic sensors. Sensors 2012, 12,
2467–2486. [CrossRef]

32. Zhang, A.Q.; Wu, Y.; Yao, B.C.; Gong, Y. Optimization Study on Graphene-Coated Microfiber Bragg Grating Structures for
Ammonia Gas Sensing. Photonic Sens. 2015, 5, 84–90. [CrossRef]

33. Ran, Y.; Liu, T.; Liang, L.; Peng, X.; Guan, B.-O. Bragg grating in micro-scaled optical fiber for cardiac biomarker sensing. In
Proceedings of the Optical Fibers and Sensors for Medical Diagnostics and Treatment Applications XVIII, San Francisco, CA,
USA, 27 January–1 February 2018.
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