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In this paper, an optical fiber sensor is realized with multi-parameter measurement, including magnetic field, 
temperature and displacement. Then, the implementation of the three-parameter independent measurement was 
performed. Among of them, one of fiber Bragg gratings (FBG) is coated giant magnetostrictive particle composite 
(GMPC) to measure the magnetic field, another FBG is used to measure displacement, and a micro-nano fiber 
structure of single mode fiber (SMF)-tapering seven core fiber (T-MCF-7)-SMF (S-TM7-S) is applied to measure 
temperature. Further, the GMPC concentration with the best sensitivity and the best seven-core fiber length 
were finally selected to form the sensing unit for simultaneous detection of the three parameters. The optical 
fiber sensor has potential applications for measuring magnetic field environments and system temperatures in 
high-voltage systems, engineering quality monitoring, as well as circuit safety monitoring.
1. Introduction

Since the advent of low-loss optical fibers in the 1970s, the research 
has become increasingly developed on application fields of optical 
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fibers [1, 2, 3]. Notably, optical fibers and their composite structures 
have been widely used to monitor various parameters in the field of 
optical fiber sensing, such as: magnetic field, temperature, strain, dis-

placement, acoustic vibration, etc. [4, 5, 6, 7], which is applied to 
https://doi.org/10.1016/j.heliyon.2022.e10941

Received 20 April 2022; Received in revised form 20 June 2022; Accepted 29 Septe

2405-8440/© 2022 Published by Elsevier Ltd. This is an open access article under t
mber 2022

he CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.heliyon.2022.e10941
http://www.ScienceDirect.com/
http://www.cell.com/heliyon
http://crossmark.crossref.org/dialog/?doi=10.1016/j.heliyon.2022.e10941&domain=pdf
mailto:taoshenchina@163.com
https://doi.org/10.1016/j.heliyon.2022.e10941
http://creativecommons.org/licenses/by-nc-nd/4.0/


C. Liu, Y. Feng, X. Liu et al. Heliyon 8 (2022) e10941
construction and engineering health monitoring, power system monitor-

ing and so on [8, 9]. Among, in the field of power system monitoring, 
optical fibers possess many unique advantages versus other transmis-

sion media, such as: small size, light weight, anti-extreme environment, 
low-loss long-distance transmission, anti-electromagnetic interference, 
etc.

However, the working environment of the power system is ex-

tremely complicated. For example, in the high-voltage transmission line 
of the power system, it is easy to cause the line to dancing, further, 
causing displacement due to the influence of weather and extreme en-

vironment. Equally, the temperature in the power system itself will also 
affect the monitoring of the power system. Moreover, the high tem-

perature may cause serious accidents such as fire [10]. Therefore, the 
simultaneous monitoring of temperature and displacement is very im-

portant in the process of magnetic field monitoring in power systems. 
Moreover, it is very necessary to use optical fiber sensing to realize 
multi-parameter measurement of magnetic field, temperature and dis-

placement when conducting research on optical fiber magnetic field 
sensing.

In the existing optical fiber sensors, different optical fiber structures 
have different measurement principles, such as: fiber grating-based 
sensing, surface plasmon resonance sensing, fiber-optic interference 
sensing, etc. [4, 6, 11, 12].

Indeed, at present, with the continuous development of the field 
of optical fiber sensing, the functions that can be realized by optical 
fiber sensors continue to increase, and the optical fiber dual-parameter 
and multi-parameter sensing has become a research hotspot. In 2017, 
Tong Z et al. proposed an optical fiber sensor that measure tempera-

ture and refractive index simultaneously. The sensor adopts few-mode 
optical fiber and spherical structure, which can realize dual-parameter 
monitoring of temperature and refractive index [13]. In the same year, 
Yong Z et al. proposed an interferometer that can achieve high sen-

sitivity to temperature and magnetic fields. The fiber structure of the 
sensor is based on hollow-core fibers [14]. Also, in this year, Li C et al. 
used four-core optical fiber and fiber grating to realize the sensor for 
three-parameter measurement of temperature, humidity and refractive 
index [15]. In 2018, Zhang X et al. mentioned a temperature and strain 
monitoring sensor based on FP interferometer and FBG [16]. In 2019, 
Gao X et al. realized an optical fiber sensor based on few-mode fiber 
and FBG with simultaneous monitoring of temperature and stress [17]. 
In 2020, the A.G. Leal-Junior presents a fiber Bragg grating (FBG) array 
immersed in magnetorheological (MR) fluid for simultaneous evalua-

tion of magnetic field strength and position of a magnetic field sensor, 
and analyzes the effect of temperature on the sensor [18]. In 2021, Zhan 
B et al. researched a dual-FBG-based sensor that can demodulate tem-

perature and magnetic field, and eliminate the effect of temperature 
through the matrix method to enhance the accuracy of magnetic field 
measurement [19]. In 2021, Zhang W et al. used a thin polarization-

maintaining fiber and a coupler to form a sensing structure. And then, 
the polarization-maintaining fiber and a polarizer were connected to 
form a polarization mode interferometer, which form a vernier effect to 
realize temperature and stress sensing [20].

According to the above, optical fiber sensors are mostly used to 
dual-parameter measurement, until now. Whereas, there are few three-

parameter measurement sensors for magnetic field, temperature, and 
displacement. Accordingly, an optical fiber sensor is designed, which 
measure the three parameters of magnetic field, temperature and dis-

placement, in this paper. Lastly, in this paper, this article mainly in-

cludes the following parts: the optical path structure of the sensor is 
carried out. And then, the principle analysis of the three-parameter 
sensing fiber structure of magnetic field, temperature and displacement. 
Then the experimental test of the three parameters is carried out. The 
sensor has the advantages of adopting a novel optical path design and 
realizing independent the monitoring of three parameters. It provides a 
solution direction for the multi-parameter influence situation caused by 
the magnetic field monitoring in the power system.
2

2. Sensing principle

2.1. Based on FBG sensing principle

It is well known that FBG can be regarded as a narrowband fil-

ter with periodic distribution, usually, FBG and FBG array are applied 
in magnetic field, temperature, and strain sensing [18, 21]. Moreover, 
narrow-band reflection of FBG is formed at a specific wavelength (Bragg 
wavelength) 𝜆𝑏. The variation of 𝜆𝑏 depends on the equation (1) [22].

𝜆𝑏 = 2𝑛𝑒𝑓𝑓Λ (1)

Among them, 𝜆𝑏 is the pitch of the FBG, and 𝑛𝑒𝑓𝑓 is the effective 
refractive index of the FBG core. FBG is sensitive to temperature and 
strain, when temperature and strain change, the wavelength of the FBG 
changes as:

Δ𝜆𝑏
𝜆𝑏

=
(
1 − 𝜌𝑒

)
𝜀𝐹𝐵𝐺 +

(
𝛼𝐹𝐵𝐺 + 𝜂

)
Δ𝑇 (2)

In formula (2), 𝜌𝑒 is the elastic-optic coefficient, 𝛼 is the thermal ex-

pansion coefficient of SiO2, 𝜀𝐹𝐵𝐺 is the stress change applied to the FBG, 
𝜂 is the thermo-optic coefficient, and Δ𝑇 is the temperature change.

Therefore, when the temperature change is not considered, the FBG 
coated with GMPC is placed in a magnetic field environment, and the 
tensile strain exerted on the FBG by the GMPC stretching is expressed 
as:

𝜀 = Δ𝐿
𝐿

(3)

Here, Δ𝐿 is the change in the length of the GMPC, and 𝐿 is the 
length of the GMPC in (3). Similarly, when the two ends of the FBG are 
fixed on the displacement stage, the change in the displacement will 
stretch the FBG, resulting in tensile strain.

2.2. Based on S-TM7-S sensing principle

In the optical fiber sensing structure, the interference spectrum is 
mainly generated by mode interference. Light is transmitted in an op-

tical fiber and is mainly divided into two transmission paths, namely, 
transmission in the core and transmission in the cladding. SMF mainly 
serves the purpose of optical transmission, the light is transmitted into 
a seven-core fiber (MCF-7) to achieve multipath interference, subse-

quently. Then, it is backed to SMF. As consequence, in the process of 
fiber transmission, mode interference will occur between the cladding 
and the seven cores. Analogously, there is a mismatch in the optical 
path difference between the two parts. Finally, a distinct interference 
spectrum is produced. When the external environment changes, the in-

terference spectrum changes [23] interference expression is followed 
as:

𝐼 = 𝐼1 + 𝐼2 + 2
√
𝐼1𝐼2𝜙 (4)

According to equation (4), 𝐼1 and, 𝐼2 are the light intensities trans-

mitted in the core and cladding of the MCF-7, respectively. Equally, 
𝜙 = cosΔ𝜑, Δ𝜑 is the phase difference between the two modes, which 
is showen as:

Δ𝜑 =
2𝜋Δ𝑛𝑒𝑓𝑓𝐿

𝜆
(5)

In equation (5), 𝜆 is the wavelength of the incident light, and Δ𝑛𝑒𝑓𝑓
is the effective refractive index difference between different interfer-

ence modes of the fiber. 𝐿 is the length of the MCF-7. Mode interference 
occurs when the optical transmission phase difference between the core 
and cladding modes of the fiber is Δ𝜑 = (2𝐾 + 1)𝜋. Through, the 𝐾 − 𝑡ℎ

wavelength 𝜆𝐾 is expressed as equation (6):

𝜆𝐾 =
2𝑛𝑒𝑓𝑓𝐿

(6)

2𝐾 + 1



C. Liu, Y. Feng, X. Liu et al. Heliyon 8 (2022) e10941

Fig. 1. The process of GMPC coated FBG.
Next, the free spectral range is followed as:

𝐹𝑆𝑅 = 𝜆𝐾−1 − 𝜆𝐾 =
2𝑛𝑒𝑓𝑓

(2𝐾 − 1)(2𝑘+ 1)
𝐿 (7)

It can be seen from formula (7), 𝐿 is proportional to 𝐹𝑆𝑅, and Δ𝑛𝑒𝑓𝑓
and 𝐿 effect the value of 𝐹𝑆𝑅 [24]. When the external environment 
changes, parameters are also changed such as Δ𝑛𝑒𝑓𝑓 , so the wavelength 
or intensity of the interference spectrum are changed. Therefore, the 
external environment can be monitored.

3. Experiment and result analysis based on independent 
measurement of three parameters

3.1. Fabrication and characterization

3.1.1. GMPC coated FBG

First, the epoxy resin and the curing agent were mixed and stirred 
thoroughly to form mixture A. Subsequently, the giant magnetostric-

tive powder (Terfenol-D powder) was introduced into Mixture A with 
appropriate stirring. And then, the stirred mass is introduced into the 
prepared mould. (Put FBG in the mold). Simultaneously, the mold was 
magnetized after standing for 48 hours, a GMPC material was obtained 
with a diameter of 6 mm and a length of 20 mm. Hence, the GMPC 
coated FBG was fabricated. The detailed process is shown in Fig. 1.

3.1.2. The structure of S-TM7-S

The preparation of S-TM7-S mainly includes two steps, namely: fab-

rication of SMF-MCF-7-SMF and taper of SMF-MCF-7-SMF.

Initially, two SMFs and a MCF-7 are removed the cladding by Miller 
clamps. And then, they are wiped using alcohol to clean up the residual 
cladding. Afterwards, the end faces of them are cut and flattened by 
fiber cleaver, respectively. Then, an SMF with a neat end face and a 
MCF-7 is placed on the two ports of the fiber fusion splicer for fusion 
splicing. Next, put the end face of the spliced structure with the seven-

core fiber into one port of the fusion splicer, and put another single-

mode fiber into the other port, and splicing to form the SMF-MCF-7-

SMF structure. The structure of SMF-MCF-7-SMF is showed as Fig. 2(a). 
Apparently, the fixed lengths of MCF-7 are controlled to be 15 mm, 
20 mm, and 25 mm, respectively.

Secondly, the MCF-7 of SMF-MCF-7-SMF is tapered on Hydrogen-

oxygen flame cone drawing machine to form the structure of S-TM7-S. 
In detail, first Hydrogen-oxygen flame cone drawing machine is opened, 
then the MCF-7 of the SMF-MCF-7-SMF is placed in the middle of the 
flame of Hydrogen-oxygen flame cone drawing machine. Immediately 
3

after, the taper platform is operated to draw the taper to form the 
S-TM7-S structure. Last, the structure of S-TM7-S is packaged on the 
packaging table, which is exhibited as Fig. 2(b). Indeed, the length of 
the taper is between 8.40 mm and 8.50 mm in this experiment.

3.2. Experimental details

Fig. 3 is shown as a three-parameter sensor measurement device. 
The light from the ASE is transmitted to a 1:3 coupler. The three ports of 
this coupler are connected to circulator 1, circulator 2 and the structure 
of S-TM7-S, respectively.

Among, the circulator 1 which is connected to GMPC coated FBG1, 
which is used to measure magnetic field. Equally, the circulator 2 is at-

tach to FBG2, which is applied to micro-displacement. The structure of 
S-TM7-S realizes temperature monitoring. Lastly, the respective con-

nection of three ports is realized through the WDM, the output the 
measured spectrum to the OSA. In this way, three sensing units can be 
individually connected to WDM, the independent testing of the three 
parameters can be realized.

3.3. Result analysis

3.3.1. Based on magnetic field sensing analysis

Finite Element Method (FEM) simulation analysis In this paper, two 
prototypes of Terfenol-D material are performed on FEM simulations, 
namely cuboid and cylinder. Meanwhile, the magnetostrictive proper-

ties of materials are studied with the same shape and different lengths. 
The purpose is achieved best compromise between minimal Terfenol-D 
material and higher magnetic field sensitivity. The simulation uses the 
coupling of the AC/DC and Solid Mechanics Modules in the COMSOL 
Multiphysics™ to run Terfenol-D material tests in three dimensions (3D) 
under a steady state magnetic field (mf). 3D space is applied with a 
magnetic field obtained by Ampere’s law, which is followed as:

𝐵 = 𝜇0𝜇𝑟𝐻 +𝐵𝑟 (8)

At this time, 𝜇0 is the magnetic permeability in the space, 𝜇𝑟 is the 
relative magnetic permeability, 𝐵 is the magnetic flux density and 𝐵𝑟 is 
the residual magnetic flux density among of formula (8). Intriguingly, 
the Terfenol-D of 𝜇𝑟 is equal to 5 [25]. Equally, a stable, uniform mag-

netic field is applied along the 𝑍 axial direction to study the magnetic 
flux density distribution of the material. The FEM simulation is shown 
as Fig. 4 about Terfenol-D material of different shape.

Above, it can be seen that two models have the same height, and 
diameter. When a magnetic field is applied, the magnetostrictive effect 
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Fig. 2. (a) The structure of SMF-MCF7-SMF. (b) The structure of S-TM7-S.

Fig. 3. Three-parameter sensor measurement device.
Fig. 4. The FEM simulation model: (a) cylinder, (b) cuboid. (Note: The red 
arrow indicates the direction of the magnetic field).

curves of the two different shapes of materials with increasing magnetic 
field are shown in Fig. 5. It can be seen that when the Terfenol-D mate-

rial does not reach saturation, the magnetostriction performance of the 
cuboid is better than that of the cylinder as the magnetic field increases, 
while its saturation magnetostriction coefficient is approximated when 
saturation is reached. In addition, when under low magnetic field condi-

tions (< 1000 Oe), the magnetostriction produced by both shapes of the 
material is basically the same. While when the magnetostriction effect 
of the material is in the linear region, the slope of the magnetostriction 
curve (𝑘) of the cuboid is larger than that of the cylinder, and the lin-

earity (𝑅2) is lower than that of the cylinder, as shown in Fig. 5. Thus, 
a comprehensive consideration of linearity and sensitivity (i.e. slope), 
as well as the same diameter and height, requires far more Terfenol-D 
powder for a cuboid than a cylinder.
4

Fig. 5. Magnetostrictive effect after applying the magnetic field regarding 
Terfenol-D material. (Note: 1mT=10Oe.)

Accordingly, Since the magnetic field is measured in the range of 0
mT-60 mT (i.e. 0 Oe-600 Oe) and in the consideration of linearity, the 
cylinder is applied as making model GMPC, which is measured magnetic 
field.

The experimental measuring about magnetic field It is showed that the 
sensitivity of the cuboid Terfenol-D material is -1.63 pm/mT, which is 
obviously lower than the sensitivity of the cylinder Terfenol-D material 
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Fig. 6. The different shape Terfenol-D material is measured in magnetic field: (a) the optical spectrum of cuboid, (b) the optical spectrum of cylinder;(c) the linear 
fit.
-1.83 pm/mT, in measured range of 0 mT-60 mT (Fig. 6). This may, 
in a real experimental setting, produce such a phenomenon due to the 
higher linearity of the cylinder Terfenol-D material.

Then, the solidification model of the GMPC material adopts a cylin-

drical shape. In this experiment, we prepared the GMPC coated FBG 
sensing unit as shown in Fig. 1. Simultaneously, it is investigated ef-

fect respecting the ratio of Terfenol-D powder and mixture A on the 
magnetic field measurements. Notably, the Terfenol-D powder: mixture 
A is equal to 5:1, 7.5:1, 10:1, respectively. From Fig. 7, it can be ob-

served the GMPC magnetic field detection results. Overall, the optical 
spectrum is blue-shifts, as the magnetic field increases.

In detail, when Terfenol-D powder: mixture A is equal to 5:1 in 
GMPC material, the magnetic field detection step size is larger (10 
mT) (Fig. 7(a)), and the detection sensitivity is -0.307 pm/mT. In con-

trast, when Terfenol-D powder: mixture A is 7.5:1 (Fig. 7(b)) and 10:1 
(Fig. 7(c)), the detection sensitivity of the material is -1.2 pm/mT and 
-1.7 pm/mT, respectively, which is significantly higher than that the 
ratio of the material is 5:1 (Fig. 7(d)). Equally, the magnetic field detec-

tion step size is 5 mT, which is obviously reduced. As consequence, 
5

with the increase of the proportion of Terfenol-D powder in GMPC 
materials, the detection sensitivity was visibly improved. Meanwhile, 
compared with the same volume of bulk Terfenol-D material, GMPC 
material greatly saves rare metal material.

3.3.2. Based on temperature sensing analysis

Fig. 8 (a), (b), and (c) show the temperature sensitivity results of 
S-TM7-S for seven core fiber lengths of 15 mm, 20 mm, and 25 mm, re-

spectively. The lower limit of temperature detection is 60 ◦C and the 
upper limit is 100 ◦C. The valley is selected as the indicator in the 
range of 1543 nm to 1547 nm, which can be seen that with temper-

ature increasing, the spectrum, the different length of seven core fiber 
in S-TM7-S, are red-shift. Moreover, linear fit plot is shown as Fig. 9, 
which shows that the sensitivity of S-TM7-S is enhanced as the length 
of the seven-core fiber increases. When the length of seven-core fiber is 
25 mm, the highest temperature sensitivity is 29.93 pm/◦C.
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Fig. 7. Results of magnetic field measurements using different concentrations of GMPC: (a) measured optical spectrum about the Terfenol-D powder: mixture A is 
equal to 5:1, (b) measured optical spectrum about the Terfenol-D powder: mixture A is equal to 7.5:1, (c) measured optical spectrum about the Terfenol-D powder: 
mixture A is equal to 10:1, (d) linear fit.
3.3.3. Based on displacement sensing analysis

The displacement sensing platform is shown in Fig. 3. FBG2 is used 
to measure displacement, the displacement is measured from 0 μm to 
95 μm. Additionally, the detection step is 5 𝜇 m. As the displacement 
increases, the wavelength of FBG2 is blue-shifted (Fig. 10). After linear 
fitting, it is found that the linear sensitivity is -1.18 pm/μm, which the 
range of displacement is from 0 μm to 95 μm (Fig. 11). Intriguingly, 
in the range of 0 μm to 30 μm, the linear sensitivity is higher at -1.51 
pm/μm.

4. Experiments and results analysis based on simultaneous 
measurement of three parameters

Based on the above experimental results, a seven-core fiber length 
of 25 mm in a S-TM7-S was cascaded to the FBG (S-TM7-S-FBG), and 
the FBG was clad with GMPC materials of 10:1. The structure, S-TM7-

S-FBG, is used for three-parameter detection of magnetic field, tem-

perature and displacement. A straight-through optical path is used for 
6

detection, as shown in Fig. 12. The transmission spectrum of the sens-

ing unit is shown in Fig. 13, and we use the wave valley dipA, dipB, and 
FBG for the three parameters, respectively.

In order to measure the magnetic field, the sensing unit is placed 
in a magnetic field environment and the sensing spectrum is observed 
between 20 𝑚𝑇 and 45 𝑚𝑇 range. It can be showed that when the 
magnetic field is enhanced, the wave valleys dipA and dipB of S-TM7-S 
drift insignificantly, as shown in Fig. 14(a) and 14(b), respectively. In 
addition, the FBG is a blue shift (Fig. 14(c)). From the linear fit results, 
it is clear that the sensor consists of good linearity and the sensitivity 
of FBG(𝐾𝑀,𝐹𝐵𝐺) is -1.2 pm/mT (Fig. 14(d)). However, the sensitivities 
of dipA and dipB are two orders of magnitude smaller than the FBG 
sensitivity, which can be ignored.

Then, the sensing unit is placed on the temperature control console 
for temperature measurement. The temperature varied between 60 ◦C

and 100 ◦C in steps of 5 ◦C. The dipA, dipB and FBG wavelength shifts 
were 0.5036 nm, 1.1348 nm, and 0.4728 nm, respectively (Fig. 15(a), 
(b), (c)). The linear fit indicates that the temperature sensitivity of dipA, 



C. Liu, Y. Feng, X. Liu et al. Heliyon 8 (2022) e10941

Fig. 8. Temperature measurement optical spectrum of the S-TM7-S: (a) seven-core optical fibers with lengths of 15 mm, (b) seven-core optical fibers with lengths of 
20 mm, (c) seven-core optical fibers with lengths of 25 mm.
dipB, and FBG are 𝐾(𝑇 ,𝑑𝑖𝑝𝐴) = 12.59 pm∕◦C, 𝐾(𝑇 ,𝑑𝑖𝑝𝐴) = 28.37 pm∕◦C, 
𝐾(𝑇 ,𝑑𝑖𝑝𝐴) = 11.82 pm∕◦C, separately (Fig. 15(d)).

In the following, the sensing unit is placed on the displacement 
stage, which is activated to observe the spectral change of the displace-

ment from 0 μm to 40 μm. Fig. 16(a), (b), and (c) show the transmission 
spectra of dipA and dipB of S-TM7-S, and FBG, respectively. The lin-

ear fit of the measurement results is shown in Fig. 16(d). By fitting 
the results, it can be seen that the displacement sensitivity of dipA, 
dipB, and FBG are 𝐾(𝜖,𝑑𝑖𝑝𝐴) = 11.7 pm∕μm, 𝐾(𝜖,𝑑𝑖𝑝𝐵) = 2.02 pm∕μm, and 
𝐾(𝜖,𝐹𝐵𝐺) = −1.6 pm∕μm, respectively.

When the magnetic field, temperature, and displacement is changed 
simultaneously, the wavelength shifts of dipA, dipB, and FBG can be 
expressed in a matrix (9) as follows.
7

⎡⎢⎢⎣
Δ𝜆𝑑𝑖𝑝𝐴
Δ𝜆𝑑𝑖𝑝𝐵
Δ𝜆𝐹𝐵𝐺

⎤⎥⎥⎦
=
⎡⎢⎢⎣
𝐾(𝑀,𝑑𝑖𝑝𝐴),𝐾(𝜖,𝑑𝑖𝑝𝐴),𝐾(𝑇 ,𝑑𝑖𝑝𝐴)
𝐾(𝑀,𝑑𝑖𝑝𝐴),𝐾(𝜖,𝑑𝑖𝑝𝐵),𝐾(𝑇 ,𝑑𝑖𝑝𝐵)
𝐾(𝑀,𝑑𝑖𝑝𝐴),𝐾(𝜖,𝐹𝐵𝐺),𝐾(𝑇 ,𝐹𝐵𝐺)

⎤⎥⎥⎦
⎡⎢⎢⎣
Δ𝑀
Δ𝜖
Δ𝑇

⎤⎥⎥⎦
(9)

Where Δ𝜆𝑑𝑖𝑝𝐴, Δ𝜆𝑑𝑖𝑝𝐵 , and Δ𝜆𝐹𝐵𝐺 represents dipA, dipB and FBG 
drift amount respectively. Besides, 𝐾𝑀 , 𝐾𝜖 , and 𝐾𝑇 are showed the 
sensitivity of magnetic field, displacement, and temperature, so, which 
the sensitivity is obtained as formula (10):

⎡⎢⎢⎣
Δ𝑀
Δ𝜖
Δ𝑇

⎤⎥⎥⎦
=
⎡⎢⎢⎣
𝐾(𝑀,𝑑𝑖𝑝𝐴),𝐾(𝜖,𝑑𝑖𝑝𝐴),𝐾(𝑇 ,𝑑𝑖𝑝𝐴)
𝐾(𝑀,𝑑𝑖𝑝𝐴),𝐾(𝜖,𝑑𝑖𝑝𝐵),𝐾(𝑇 ,𝑑𝑖𝑝𝐵)
𝐾(𝑀,𝑑𝑖𝑝𝐴),𝐾(𝜖,𝐹𝐵𝐺),𝐾(𝑇 ,𝐹𝐵𝐺)

⎤⎥⎥⎦

−1 ⎡⎢⎢⎣
Δ𝜆𝑑𝑖𝑝𝐴
Δ𝜆𝑑𝑖𝑝𝐵
Δ𝜆𝐹𝐵𝐺

⎤⎥⎥⎦
(10)

According to matrix (10), the magnetic field, displacement, and tem-

perature sensitivity of the sensing unit can be calculated. Therefore, 
it is achieved about simultaneous measurement of the three parame-

ters.
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Fig. 9. The total linear fit plot about the seven-core fiber of 15 mm, 20 mm, 
25 mm, respectively.

Fig. 10. The optical spectrum of displacement sensing.

Fig. 11. The displacement measuring of linear fit plot.

Fig. 12. Straight-through optical path.

Fig. 13. Measured transmission spectrum of the sensor.

In order to test the repeatability of the sensing unit, three simi-

lar sensing units were repeatedly made. First, the S-TM7-S structural 
parameters were kept consistent, further, the FBG with the same pa-

rameters was used. There is no significant variation in the transmission 
spectra of the three sensing units. Then, their spectral errors are ex-

tremely low, which indicates the good repeatability and reproducibility 
of the sensing units (Fig. 17). Besides, the detection of proposed mag-

netic field, displacement and temperature can be applied to the health 
monitoring of high-voltage lines and others in the field of electrical 
engineering. It is demonstrated that most of the fiber optic sensors in 
recent years are based on two-parameter measurements and less on 
three-parameter measurements in Table 1.

Moreover, as far as temperature sensing is concerned, the sensing 
unit used in this paper is not coated with a sensitive material, but 
the temperature detection sensitivity can be up to 28.37 pm/◦C. Al-

though the sensitivity of magnetic field sensing is lower compared to 
[26], however, the sensing unit is simple, convenient, and durable in 
this paper.

5. Conclusion

In this paper, an optical fiber sensor is proposed, which is realized 
three-parameter measurement. Moreover, a novel optical path construc-

tion method is adopted. Firstly, the independent measurement of three 
parameters was carried out experimentally, and the optimal measure-
8
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Fig. 14. The result of measured the magnetic field based on S-TM7-S-FBG: (a) measured optical spectrum about dipA, (b) measured optical spectrum about dipB, (c) 
measured optical spectrum about FBG, (d) linear fit.
ment parameters of the independent measurement were selected for 
making the three-parameter simultaneous measurement structure (i.e., 
S-TM7-S-FBG). Finally, the simultaneous detection of three parameters 
was achieved and detuned using the matrix method. Consequently, the 
optical fiber sensor can not only realize three-parameter measurement, 
but also has the advantages of convenient measurement and material 
saving. Lastly, the sensor can be used in power systems, biological 
monitoring, aerospace monitoring and other fields. In particular, it pro-

vides directions for implementing multiparameter detection in complex 
power systems.
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Fig. 15. The result of measured the temperature based on S-TM7-S-FBG: (a) measured optical spectrum about dipA, (b) measured optical spectrum about dipB, (c) 
measured optical spectrum about FBG, (d) linear fit.

Table 1. Comparison of this work with others.

publication year the structure of 
optical fiber

number of 
parameters

measurement parameters/

sensitivity

2017 [13] FMF+spherical 
structure1

2 temperature(T)/(Max)0.05 nm/◦C, 
refective index (RI)/

(Max)-48.82 nm/RIU

2018 [16] FP+FBG2 2 T/(Max)7.82 pm/◦C, 
strain(N)/(Max)2.1 pm/𝜇𝜀

2019 [17] offset spliced 
with 
SMF-FMF-FBG

2 T/(Max)-34.3 pm/◦C,

stress(S)/(Max)-2 pm/𝜇𝜀

2021 [25] FBG coated 
Terfenol-D 
composite 
material

1 magnetic field(H)/

(conical)1.7 pm/mT

2021 [26] NTF cascaded 
FBG3

2 H/(Max)1.159 nm/mT,

T/(Max)-1.737 nm/◦C

2022 [27] SNFNS4 3 T/(Max)0.0095 nm/◦C,

humidity/(Max)0.034 nm/%RH,

RI/(Max)134.17 nm/RIU

this work S-TM7-S-FBG 3 T/(Max)28.37 pm/◦C,

displacement/(Max)2.02 pm μm,

H/(Max)-1.2 pm/mT

Note: 1 FMF-Few Mode Fiber, 2 FP-Fiber optic Fabry-Perot Cavity, 3 NTF-Nonadiabatic 
Tapered Micro-fiber, 4 SNFNS: SMF-NCF-FMF-NCF-SMF (NCF-No Core Fiber).
10
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Fig. 16. The result of measured the displacement based on S-TM7-S-FBG: (a) measured optical spectrum about dipA, (b) measured optical spectrum about dipB, (c) 
measured optical spectrum about FBG, (d) linear fit.

Fig. 17. Repeatable production of sensing units.
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