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A novel phase-shifted long-period fiber grating (PS-LPFG) for the simultaneous measurement of torsion and
temperature is described and experimentally demonstrated. The PS-LPFG is fabricated by inserting a pre-
twisted structure into the long-period fiber grating (LPFG) written in single-mode fiber (SMF). Experimental
results show that the torsion sensitivities of the two dips are —0.114 nm/(rad/m) and —0.069 nm/(rad/m) in the
clockwise direction, and —0.087 nm/(rad/m) and —0.048 nm/(rad/m) in the counterclockwise direction, respec-
tively. The temperature sensitivities of the two dips are 0.057 nm/°C and 0.051 nm/°C, respectively. The two
dips of the PS-LPFG exhibit different responses to torsion and temperature. Simultaneous measurement of
torsion and temperature can be implemented using a sensor. The feasibility and stabilization of simultaneous
torsion and temperature measurement have been confirmed, and hence this novel PS-LPFG demonstrates
potential for fiber sensing and engineering applications.
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Torsion is an important physical parameter that has been
used to monitor the condition of bridges and buildings.
Among numerous torsion sensing technologies, optical
fiber torsion sensors possess intrinsic merits of the simple
fabrication process, compact size, easy integration, high
sensitivity, and immunity to electromagnetic interfer-
ence. Over the past few decades, many torsion sensors
based on fiber Bragg gratings (FBGs)=22, fiber interferom-
eters?? and long-period fiber gratings (LPFGs) 2 have
been studied. Torsion sensors can involve diverse fiber
structures such as the helical structure, near-helical
structurel?, pre-twisted structure?, and twisted photonic
crystal fiber2, A sensor based on a CO, laser-written
LPFG can discriminate the torsion direction due to a
unique one-sided laser exposure method. Torsion sensors
with a pre-twisted structure exhibit high sensitivity be-
cause of permanent shear strain in the structure. However,
the performance of torsion sensors could be affected by
temperature. To eliminate the cross talk effect, one ap-
proach involves the simultaneous measurement of torsion
and temperature. Many researchers have used different
structures to measure torsion and temperature simultane-
ously. For instance, Li et al. reported a novel sensor by
combining a helically twisted fiber and a Bragg grating™,
Wang et al. fabricated a fiber loop mirror based on a
piece of homemade side-leakage photonic crystal fiber™,
Shao et al. manufactured a Lyot—Sagnac interferometer
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by inserting two sections of high-birefringence (HiBi) fiber
into a Sagnac loop, and Zhang et al. proposed a Mach—
Zehnder interferometer based on multicore fiber with a
~570 pum long helical structure for application in the
simultaneous torsion and temperature measurement.
However, the above sensors display some certain short-
comings. For example, fiber interferometers are relatively
complex structures, and the fabrication of special fibers
is costly and somewhat complicated. Thus, a simple and
inexpensive method is needed to fabricate a sensor
capable of the simultaneous measurement of torsion
and temperature.

A phase-shifted long-period fiber grating (PS-LPFG) can
be used as a fiber sensor to measure torsion and tempera-
ture simultaneously because of the advantages including
dual-transmission peaks, high sensitivity, and easy fabrica-
tion. But the pre-twisted structure used in a PS-LPFG has
not yet been proposed as a sensor for the simultaneous mea-
surement of torsion and temperature.

In this study, we design a novel PS-LPFG to measure
torsion and temperature simultaneously. This PS-LPFG
is manufactured by inserting a pre-twisted structure into
the LPFG. The pre-twisted structure is fabricated via fil-
ament heating, and the LPFG is written in single-mode
fiber (SMF) using a high-frequency CO, laser. The pro-
posed sensor can also discriminate the torsion direction
and improve torsion sensitivity.
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Fabrication of the proposed PS-LPFG consists of two
processes: pre-twisted structure fabrication and writing
the grating. First, the SMF was mounted onto two fiber
holders, one fixed and the other rotatory. A super-
continuum light source (SLS) with a spectrum range of
600-1700 nm and an optical spectrum analyzer (OSA)
were placed on both sides of the fiber to record transmis-
sion spectra, as shown in Fig. 1. The fiber structure was
continuously rotated using the rotatable fiber holder, after
which the filament heater heated the SMF and a pre-
twisted structure was finished. An irreversible twist was
formed after heating. The length of the structure was
Ly (Ly > 1 mm), determined by the fixed size of the fila-
ment heater and the fabrication technology. Twisting
process parameters were carefully optimized to ensure
minimal transmission loss2. The experimental parame-
ters are listed in Table 1. Second, the pre-twisted structure
was placed in the center of the preparation area via CCD
monitoring, and the grating was written by exploiting a
high-frequency CO, laser (CO2-H10, Han’s Laser) under
computer control. Transmission spectra were monitored
by an SLS and an OSA, as depicted in Fig. 2. The LPFG
period was A (A = 500 pm) and the PS-LPFG length was
2.45 cm, as indicated in Fig. 3.

When the pre-twisted structure is inserted into the
LPFG, the original transmission peak of the LPFG is split
into two. The equivalent phase-shift inserted into the
LPFG can be approximated as?

2z
® == Ly (ngge — ncht), (1)
where 4= A (n%re — nf2d) is the central wavelength,
Ly is the length of the pre-twisted structure, and An.y =
core __ . clad

ney ne¢ is the difference between effective refractive
indices of the core and cladding modes. According to
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Fig. 1. Experimental setup for fabricating the pre-twisted
structure.

Table 1. Experimental Parameters for Fabricating the
Pre-twisted Structure

Parameter Data Unit
Heating temperature 1300 £ 20 °C
Heating time 10 s
Heating length 1 mm
Number of twisting turns 15
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Fig. 2. Transmission spectra of the pre-twisted structure,
LPFG, and PS-LPFG.

.......... ...

L T VVVVVYV]

WSS SIS TSI

.
s, ;

Fig. 3. Structure diagram of the PS-LPFG.

Eq. (1), the phase shift introduced in the structure
depends on Ly and Ang.

The PS-LPFG induces a permanent twist strain in the
fused twist process. As for the twist turn in the pre-twisted
structure, with an increase in the twisting turn (), the
initial twist strain of the PS-LPFG increases. When tor-
sion is applied to the sensor, according to A = A - Ang, the
wavelength shift A4 can be derived as?

AJ o g OBt

(2)
Tt

where 6Angy is the variable of Angy, which is induced by

birefringence resulting from the photoelastic effect. §An g

in response to the torsion rate 7z can be expressed as

_ COTe ,, Core clad ,,clad
OANg = (!J Mefr . — 977 Mg )T, (3)

where ¢° and ¢“®! denote photoelastic constants for the
fiber core and cladding material, respectively. Therefore,
the following equation can be obtained by substituting
Eq. (3) into Eq. (2):

AL = A ; ( gcore ng(f)fre _ gclad ng}?d)r
e
KA
= =Tt (4)
Ay

From Eq. (4), T'is a wavelength-independent constant;
thus, the wavelength shift is linearly proportional to the
torsion rate. For the proposed PS-LPFG, the pre-twisted
structure induced a permanent twist strain. The value of
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N directly affects the twist strain in the sensor, so the
larger N will cause more obvious changes of wavelength,
and it also means a greater torsion sensitivity. However,
if N is too large, then insertion loss can also be excessive;
considering insertion loss and torsion sensitivity, a suit-
able N is thus determined as 15. When the PS-LPFG is
twisted in a clockwise or counterclockwise direction,
OAng; will be either enhanced or impaired. Therefore, the
proposed structure can discriminate the torsion direction.
When the ambient temperature changes, the resonance
wavelength shifts. Due to distinct cladding modes with
different sensitivities toward torsion and temperature,
the PS-LPFG can be utilized for the simultaneous mea-
surement of torsion and temperature by evaluating the
wavelength shift of two dips.

Figure 4 illustrates the measurement setup for torsion
and temperature. Two disks fixed the structure and one
was employed to change the torsion rate of the sensor.
The distance between two disks was L (L =21 ecm). An
SLS and an OSA with a resolution of 0.02 nm were
employed to record the transmission spectrum. Meanwhile,
the sensor was independently heated between the two disks
by the heating device.

Figure 5 presents the transmission spectra corresponding
to different torsion rates in two torsion directions. The
applied torsion rate is 7 = 0/L (0 represents the torsion
angle). When the 7z range is from 0 to 8.308 rad/m in
the clockwise direction, the resonance wavelength of the
two dips exhibits a blue shift. When the 7 range is from
0 to —8.308 rad/m in the counterclockwise direction, the
resonance wavelength of the two dips exhibits a red shift.
The linearity of the data is quite good; the linear fitting of
the PS-LPFG wavelengths under different torsion rates
is shown in Fig. 6. Torsion sensitivities of the two
dips are —0.114nm/(rad/m) and —0.069 nm/(rad/m) in
the clockwise direction, and —0.087 nm/(rad/m) and
—0.048nm/(rad/m) in the counterclockwise direction,
respectively.

The temperature characteristic of the PS-LPFG has
been studied experimentally. Changes in transmission
spectra of the PS-LPFG under different temperatures
are shown in Fig. 7. When the applied temperature shifts
from 40 to 100°C with a step of 10 °C, the wavelengths of
the two dips shift from 1349.50 to 1352.95 nm and from
1393.05 to 1396.10 nm, respectively. Close linear correla-
tions are observed between the wavelength and tempera-
ture of the two dips, as shown in Fig. 8. It can be seen that
the respective temperature sensitivities of two dips are
0.057 nm/°C and 0.051 nm/°C.
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Fig. 4. Experimental setup for torsion and temperature
measurement.
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Fig. 5. Transmission spectra of the PS-LPFG under different
torsion rates.
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Fig. 6. Wavelength of the PS-LPFG versus torsion rate.
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Fig. 7. Transmission spectra of the PS-LPFG under different
temperatures.

The above experimental results reveal that the two dips
respond differently to torsion and temperature. Simultane-
ous torsion and temperature measurements can be realized
by detecting the wavelength shift of two dips. Due to the
pre-twisted structure inserted into the LPFG, the torsion
sensitivities of the sensor can be distinguished in the clock-
wise and counterclockwise directions, producing a matrix in
each torsion direction. The simultaneous measurement
matrices of the PS-LPFG can be expressed asZ
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Fig. 8. Resonance wavelength of the PS-LPFG responding to
temperature.

( Az ) B (—0.114 0.057)1(A/1A) 5)
AT ), —0.069 0.051 Adg )’
( At ) - (0.087 0.057)_1(A/1A) (6)
AT ) —0.048 0.051 Alp

In this experiment, the resonance wavelength resolution
of the OSA is 0.02 nm. From Egs. (5) and (6), the
torsion and temperature resolutions of the sensor are
0.063 rad/m and 0.5°C in the clockwise direction, and
0.071 rad/m and 0.5°C in the counterclockwise direction,
respectively.

To evaluate the feasibility and stabilization of the
simultaneous measurement of torsion and temperature,
torsion experiments have been performed under different
temperatures. In these experiments, the torsion rate
ranges from 8.308 to —8.308 rad/m, and the temperature
ranges from 40 to 100°C. Experimental results appear in
Fig. 9. Standard deviations of torsion and temperature
sensitivities are small, suggesting a negligible cross talk
effect between torsion and temperature. Therefore, stabi-
lization and feasibility are demonstrated when using
the PS-LPFG to measure torsion and temperature
simultaneously.

In summary, a new type of PS-LPFG has been pre-
sented to measure torsion and temperature simultane-
ously. The PS-LPFG is fabricated by inserting a
pre-twisted structure into the LPFG. The LPFG is writ-
ten in SMF via the CO, laser engraving method. Exper-
imental results show that the torsion sensitivities of the
two dips are —0.114 nm/(rad/m) and —0.069nm/(rad/m)
in the clockwise direction, and —0.087nm/(rad/m) and
—0.048 nm/(rad/m) in the counterclockwise direction,
respectively. The sensor can also discriminate between
the torsion direction and torsion rate. The temperature
sensitivities of the two dips are 0.057 nm/°C and
0.051 nm/°C, respectively. Torsion resolutions of the PS-
LPFG are estimated to be approximately 0.063 rad/m
and 0.071 rad/m in the clockwise and counterclockwise di-

rections, respectively, and the temperature resolution of the
PS-LPFG is 0.5°C. The feasibility and stabilization of

0.16 —

E —a— DipA in CW
5 —e— DipB in CW
= 0.14 1 S i

< N —a— DipA in CCW
6131 Ou=0-0036 —v— DipB in CCW

g
&0 104
S o .=0.0033
-E 0.084 ._’_i/\—./.
R7)

5 0.06 - 0,,=0.0041
n
£004{ v T~
B2 =0.004
Z 0.2 60;=0.0049 I
H T T T T

T T T
40 50 60 70 8 90 100
Temperature(°C)

730.062
%) —a—Dip A
—e—Dip B

g
.%0.058— ._._._././I—!—-—I
.2 0.056- 5,=0.001

5 0.054

© 0.052

2 W

S 0.050 ,=0.0008

(]

£40.048 4

5 )
[_‘ 0.046 T T T T T T T

-10 8 6 4 -2 0 2 4 6 8 10
Torsion Rate(rad/m)

Fig. 9. Simultaneous measurement of torsion and temperature
results. (a) Torsion sensitivities of the PS-LPFG under different
temperatures. (b) Temperature sensitivities of the PS-LPFG
under different torsion rates.

simultaneous torsion and temperature measurement using
the proposed structure are thus demonstrated through the
experimental process. Therefore, the PS-LPFG demon-
strates encouraging prospects for sensing applications.
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