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ABSTRACT Torsion sensing is a promising technique in a variety of different scientific and industrial
applications. In this paper, we present a novel torsion sensor based on the cascaded long-period fiber
grating inscribed in a four-mode fiber (CLPFG-FMF). The change in rotatory vector makes resonant
wavelength shift, for the twisted CLPFG-FMF. The key factor, which severely impacts on the properties and
performance of torsion sensor, is also investigated and discussed. Experimental results show that the resonant
wavelength linearly shifts with the torsion rate and the cascaded angle plays an important role in enhancing
torsion sensitivity. The proposed torsion sensor achieves optimal sensitivities of -0.519 nm/(rad/m) in
counterclockwise and 0.501 nm/(rad/m) in clockwise. The repeatability and stability of the CLPFG-FMF
with cascaded angle of 0° are studied as well. The refractive index sensitivity of the CLPFG-FMF with
cascaded angle of 0° is —5.20 nm/RIU from 1.3431 to 1.4374 refractive index ranges and the temperature
sensitivity is —0.0173 nm/°C from 25 °C to 90 °C. The high sensitivity of torsion sensing is expected to be

useful for broad applications across engineering fields.

INDEX TERMS Angularly cascaded, four-mode fiber, long-period fiber grating, torsion sensor.

I. INTRODUCTION

The ability to quantify the deformation by measuring the
magnitude of torsion is instrumental in evaluating structural
integrity and it is essential for the security monitoring of
civil engineering, including bridges, buildings, dams, and
other structures [1]. Compared to conventional electronic
techniques, torsion sensors based on optical fiber have the
excellent merits of high sensitivity, compact size, easy fab-
rication, and immunity to electromagnetic interference [2].
These advantages have attracted considerable attention in
related fields. To date, various sorts of fiber-optic torsion
sensors have been implemented and reported, includ-
ing Mach-Zehnder interferometers [3], bi-core fibers [4],
hollow-core fibers [5], twin-core fibers [6], fiber Bragg grat-
ings (FBGs) [7], and long-period fiber gratings (LPFGs) [8].
Wherein, the LPFG can achieve a high sensitivity by mea-
suring the change in the rotatory vector caused by the
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twist-induced birefringence [9]. There are a lot of methods
for fabricating LPFG, such as ultraviolet laser radiation [10],
electric arc [11], and mechanical deformation [12]. However,
most of these sensors cannot distinguish the direction of
torsion, which makes them invalid in some applications.

In order to address this issue, a promising method of
fabricating the LPFG by a high-frequency CO; laser pulse
has been proposed. Due to the unilateral exposure to the CO»
laser, the LPFG has the capability of torsion dependence and
it can distinguish the direction of torsion. Today, there are
a great deal of torsion sensors based on the LPFG fabri-
cated by a high-frequency CO; laser pulse, such as double
cladding fiber chiral LPFG [13], helical LPFG [14], cascaded
LPFG [15], and segmented LPFG [16]. The coupling of light
from the core mode into co-propagating cladding modes in
LPFGs results in acute sensitivity of the cladding mode effec-
tive refractive index to the environment. Thus, the torsion
sensitivity is affected by other factors, including refractive
index and temperature. To overcome the intrinsic limita-
tion, the LPFG inscribed in a four-mode fiber (LPFG-FMF)
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has been proposed and demonstrated. Since the LPFG-FMF
originates from coupling between the two core modes, it is
insensitive to the changes in the refractive index and temper-
ature [17], [18].

In this paper, we present a torsion sensor based on the
cascaded LPFG-FMF (CLPFG-FMF) fabricated by a high-
frequency CO» laser pulse, for the first time to our knowl-
edge. The sensor consists of two identical LPFG-FMFs with
cascaded angle of 0°. Because of the elliptical birefringence,
the transmission spectrum changes with the torsion rate.
The cascaded angle of two LPFG-FMFs has benefits of
enhancing sensitivity. By comparing the torsion sensitivities
of CLPFG-FMFs with different cascaded angles, 0° is cor-
responding to the highest sensitivity of —0.519 nm/(rad/m)
in counterclockwise and 0.501 nm/(rad/m) in clockwise,
respectively. The repeatability and stability are verified exper-
imentally. In addition, the proposed sensor has low refractive
index and temperature sensitivities.

II. PRINCIPLE

According to the phase-matching condition, the resonant
wavelength of the LPFG-FMF originated from coupling
between the LPy; and LP; core modes is calculated

Ares = (Meff,01 — Nefr,11) - A, (1

where, A, represents the resonant wavelength, n.4 01 and
ne,11 stand for the effective refractive index of the LPy; and
LPj; core modes, respectively. A is the LPFG-FMF period.
Because the refractive index modulation plane of each period
in cross-section is parallel to each other along the fiber axis,
the period of the LPFG-FMF is barely affected by the torsion.
Hence, the variation in ngf 01-7¢f,11 is a dominated factor
affecting the torsion sensitivity. When the torsion is applied
on the LPFG-FMF, the wavelength shift is deduced from (1)

Adres = ((Sneff,OI - 5neﬁ‘,ll) A, 2)

here, dnqf 01 and dn.p 11 denote the changes in the effective
refractive index of the LPy; and LP;; core modes, and they
are dependent on the torsion.

To ensure ease of analysis, the torsion applied on the LPFG
is the same in principle, unless stated otherwise. Since the
Neff,01-Nefr,11 18 smaller than neg core-Neff, cladding, according
to the (1), the LPFG-FMF has a larger A under the same
resonant wavelength, compared to the LPFG inscribed in a
single-mode fiber (LPFG-SMF). Hence, the LPFG-FMF with
a larger A has the higher torsion sensitivity.

The refractive index of the conventional LPFG-FMF is
expressed as

n(z) = ng + (Am /2) cos (2JTZ/A0 + ¢g) ) 3)

where, z is the position along the LPFG-FMF, ny is the effec-
tive refractive index of the core mode, Anj is the maximum
refractive index modulation, A is the central pitch, and @ is
the phase of the LPFG-FMF. Thus, the change in phase affects
the refractive index, which results in different sensitivities.
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Owing to the absorption of fiber, an asymmetric refractive
index distribution in the cross-section of the LPFG-FMF is
caused by a high-frequency CO laser pulse. This asymmetry
gives rise to a linear birefringence, and the direction of the
linear birefringence depends strongly on the direction of
incidence of CO; laser.

For a twisted LPFG-FMF with a linear birefringence, the
elliptical birefringence appears. The direction of the elliptical
birefringence is given by

loe| cosby | Bl cosbp
A A
here, B and « represent the linear birefringence vector and
the circular birefringence vector, respectively. g and 6, rep-
resent the directions of the linear birefringence vector and
circular birefringence vector, respectively. A is defined as

“

cost =

A= Jlal +1BP +2al Blcos (6 —0p). (5

The wvariation in the refractive index of a twisted
LPFG-FMF is derived from (3), and described as

An(z) = (Any /2) cos {2mwz/ Ao + 6}
= (Any/2) [cos 2rz/Ag) cosd —sin 2mz/ Ag) sinb] .
(6)

On the basis of (4) and (6), it can be seen that as the
0p increases from 0° to 7, the cos® decreases, and then
An(z) decreases.

The change in the refractive index of a twisted
CLPFG-FMF satisfies

AncrprG-rmr(2) = AnpprG—rmr1(2) + Anpppc—rmr2(2).

(N

When the |B] of each LPFG-FMF is the same,
the Ancrprc—rFumr(z) just depends on the Anpprc—rFmr2(2),
for the CLPFG-FMFs with different cascaded angles.
Assuming the direction of the B prg_puyr 1S parallel to the
x-axis, the cascaded angle of the CLPFG-FMF is equivalent
to the direction of the B;prg_ruro- Referring to (2) and (6),
the torsion sensitivity of the CLPFG-FMF decreases as the
cascaded angle increases.

The superposition or cancellation of the rotatory vector
causes the resonant wavelength to increase or decrease,
respectively. The strengthening or weakening in rotation path
makes the resonant wavelength shift towards the longer wave-
length or the opposite direction, which is called ‘red-shift’ or
‘blue-shift’ in the resonant wavelength.

Additionally, the wavelength shift affected by the refractive
index, temperature, and torsion is expressed as

A) = K,An + Kr AT + K; At, ®)

here, K,,, K7, and K; are the absolute values of the refractive
index sensitivity, temperature sensitivity, and torsion sen-
sitivity, respectively. An, AT and At are the changes in
the refractive index, temperature, and torsion, respectively.
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As long as the initial values of refractive index, tempera-
ture, and torsion are specified, the absolute value of torsion
sensitivity, which is barely affected by refractive index and
temperature, can be obtained.

IIl. EXPERIMENTS AND DISCUSSIONS

A. FABRICATION OF THE CLPFG-FMFs

The four-mode fiber (core diameter of 16 um and cladding
diameter of 125 pum) used in the experiment, supports four
modes in the core (LPg;, LPg, LP11, and LP;»). The refrac-
tive index of its core and cladding are 1.453791 and 1.444,
respectively. Fig.1 shows the refractive index distribution of
the cross-section.
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FIGURE 1. Refractive index distribution of the four-mode fiber
cross-section.

The phase-matching curve of the LPFG-FMF relying on
the coupling between the core modes is depicted in Fig. 2.
Taking into account the range of the broadband source
(1250-1650 nm), the CLPFG-FMFs relying on coupling
between the LPy; and LP;; core modes with the period
of 550 um and the resonant wavelength of 1500 nm were
fabricated.
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FIGURE 2. Phase-matching curve of the LPFG-FMF relying on the coupling
between the core modes.

The fabricating process of the CLPFG-FMF with cascaded
angle of 0° is divided into three steps: firstly, the four-mode
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fiber (length of ~15 cm) was fixed by two holders, and
then the LPFG-FMF with the period of 550 um and the
length of 1.65 cm was fabricated by a high-frequency CO,
laser pulse with an output power of 10 W and Q frequency
of 5 kHz. Secondly, the two holders were moved to the right
with the distance of 2.2 cm simultaneously. Finally, the same
LPFG-FMF as the previous one was fabricated.

In order to study the impact of the cascaded angle on
the sensing performance, the CLPFG-FMFs with cascaded
angles of 90° and 180° were fabricated. Except for the second
step of fabricating process, in which the two holders were
rotated 90° or 180° in clockwise at the same time, the remain-
ing steps were identical to that previously described for the
CLPFG-FMF with cascaded angle of 0°. Fig.3 and Fig.4
describe the schematic diagrams and transmission spectra
of three CLPFG-FMFs with different cascaded angles,
respectively.

B. THE EXPERIMENTAL RESULTS AND DISCUSSIONS

Fig. 5 depicts the schematic diagram of the torsion measure-
ment setup. The broadband source was used and the trans-
mission spectrum was monitored in real-time by an optical
spectrum analyzer (MS9740A) with a resolution of 0.03 nm.
To keep straight, the CLPFG-FMF was fixed by the two
holders. And one holder remained fixed and the other was
rotated in clockwise or counterclockwise. The torsion rate is
given by

, &)

here, 6 denotes the rotatory angle of the holder and L refers
to the distance between the two holders. In the experiment,
L is 20 cm.

The wavelength shifts of three CLPFG-FMFs in torsion
rate ranging from —31.32 rad/m to 31.32 rad/m (counter-
clockwise (—) and clockwise (+4) direction) are presented
in Fig. 6. With the increasing of torsion rate, the blue-shift and
red-shift in the resonant wavelength occur in counterclock-
wise and clockwise respectively, and the resonant wavelength
shifts linearly. Furthermore, the circular birefringence caused
by torsion modifies the polarization states. The variation in
polarization state impacts on the coupling coefficients of the
two modes [19], which results in a decrease in the resonant
dip. Simultaneously, the change in polarization states mani-
fests as a resonant wavelength separation. Hence, the trans-
mission spectrum widens as the torsion rate increases [20].

The cascaded angle has a significant effect on torsion
sensitivity. Compared to the others, the CLPFG-FMF with
cascaded angle of 0° has the highest torsion sensitivity,
corresponding to sensitivities of —0.519 nm/(rad/m) and
0.501 nm/(rad/m) in counterclockwise and clockwise, respec-
tively. And the CLPFG-FMF with cascaded angle of 180°
has the minimum sensitivities of —0.262 nm/(rad/m) in coun-
terclockwise and 0.289 nm/(rad/m) in clockwise. With the
increasing of the cascaded angle, the torsion sensitivities
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FIGURE 3. Schematic diagrams of the CLPFG-FMFs with cascaded angles
of (a) 0°, (b) 90°, and (c) 180°.
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FIGURE 4. Transmission spectra of the CLPFG-FMFs with cascaded angles
of (a) 0°, (b) 90°, and (c) 180°, which are measured in air.
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FIGURE 5. Schematic diagram of the torsion measurement setup.

decrease. This tendency is complete agreement with the
theoretical analysis in principle.

In order to assess the repeatability, there are three inde-
pendent measurements from the same CLPFG-FMF with
cascaded angle of 0°, and the averages and standard
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deviations of wavelengths are calculated, as shown in Fig. 7.
There are a few differences in the wavelength shifts, which is
caused by the variation in stress applied on the CLPFG-FMF.
Moreover, the resolution of the optical spectrum analyzer
affects the wavelength shift. The experimental result shows
that the CLPFG-FMF with cascaded angle of 0° has a good
repeatability.
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FIGURE 7. For the CLPFG-FMF with cascaded angle of 0°, the averages
and standard deviations of wavelengths in counterclockwise and
clockwise.
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FIGURE 8. For the CLPFG-FMF with cascaded angle of 0°, the wavelength
in the stability measurement, when the torsion rates are —31.32 rad/m,
0 rad/m, and 31.32 rad/m, respectively.

Fig. 8 describes the resonant wavelength of the
CLPFG-FMF with cascaded angle of 0° in the stability
measurement. Due to the fluctuation of the laser source,
the wavelength fluctuates slightly. When the torsion rates
are —31.32 rad/m, O rad/m, and 31.32 rad/m, the standard
deviations of the measurements are 0.084 nm, 0.109 nm, and
0.090 nm, respectively.

In actual applications, the refractive index and tempera-
ture are non-negligible factors affecting the wavelength shift.
Hence, the refractive index sensitivity and temperature sensi-
tivity of the CLPFG-FMF with cascaded angle of 0° are inves-
tigated experimentally. By putting it into a series of sucrose
solutions at a temperature of 25 °C, the resonant wavelength
shifts are shown in Fig. 9. The average refractive index
sensitivity is —5.20 nm/RIU in the 1.3431-1.4374 refractive
index range and the maximum refractive index sensitivity of
—14.46 nm/RIU in the refractive index range between 1.4252
and 1.4374 is achieved. The low refractive index sensitivity
could be induced by the impurity of the core mode couplings
so that mode coupling to small amount of high-order cladding
modes may be induced in the four-mode fiber.
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FIGURE 9. Wavelength shifts of the CLPFG-FMF with cascaded angle of 0°,
by putting it into a series of sucrose solutions at a temperature of 25 °C.
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FIGURE 10. Wavelength shifts of the CLPFG-FMF with cascaded angle
of 0°, as the temperature increases from 25 °C to 90 °C.

Fig. 10 exhibits the wavelength shifts of the CLPFG-FMF
with cascaded angle of 0° in response to the temperature
from 25 °C to 90 °C with a step of 5 °C. A blue-shift in
the resonant wavelength occurs and the temperature sensi-
tivity is —0.0173 nm/°C. The cross-sensitivities from tem-
perature are 0.0333 (rad/nm)/°C in counterclockwise and
—0.0345 (rad/nm)/°C in clockwise.

According to the experimental results, the CLPFG-FMF
with cascaded angle of 0° has the low refractive index
sensitivity of —5.20 nm/RIU and temperature sensitivity of
—0.0173 nm/°C. Based on the measured result, the absolute
value of torsion sensitivity is deduced from (8) and described
as

K — AL—(=5.20nm/RIU) An — (—0.0173nm/°C) AT
T — .
AT

(10)

Considering the resolution of the optical spectrum ana-
lyzer (0.03 nm), the torsion resolutions of the sensor are
—5.57 x 1072 rad/m in counterclockwise and
6.48 x 102 rad/m in clockwise.

TABLE 1. Comparison of torsion sensitivities between the related
schemes and the proposed sensor.

Type Sensitivity (nm/(rad/m)) Range (rad/m)  Reference
A pair of
helical LPFG 0.115 (-5n/2,57/2) [21]

A segmented 0.3 clockwise

(-10.35,10.35) [16]

LPFG -0.14 counterclockwise
Seven-core
fiber -0.4 (4.758,40.439) [22]
0. 3317 clockwise
Cascaded 0.3103 (-25,25) [15]
LPFG .
counterclockwise
Helical
LPFG-TMF 0.47 (-30,30) [17]
0.501 clockwise This
LPFG-FMF -31.32,31.32
CLPEG -0.519 counterclockwise (-31.32,31.32) paper
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The torsion sensitivities of different types of sensors are
listed in Table 1. The proposed sensor has a higher torsion
sensitivity and wider measurement range, compared with the
previously reported counterparts. Furthermore, it possesses
the inherent merits of low cost, good stability, low refractive
index and temperature sensitivities.

IV. CONCLUSION

In this paper, we propose and experimentally investigate a
torsion sensor based on the CLPFG-FMF, mainly consisting
of two identical LPFG-FMFs with cascaded angle of 0°.
Experimental results show that the sensor is capable of distin-
guishing the direction of torsion and the resonant wavelength
linearly shifts with the torsion rate. Furthermore, the tor-
sion sensitivity depends strongly on the cascaded angle, and
the highest torsion sensitivities of —0.519 nm/(rad/m) in
counterclockwise and 0.501 nm/(rad/m) in clockwise are
achieved, for the CLPFG-FMF with cascaded angle of 0°.
The repeatability and stability of the CLPFG-FMF with cas-
caded angle of 0° are studied. The refractive index sen-
sitivity is —5.20 nm/RIU in the refractive index ranging
from 1.3431 to 1.4374, and the temperature sensitivity is
—0.0173 nm/°C from 25 °C to 90 °C, which is one third of
that of the conventional LPFGs. Moving forward, the pro-
posed torsion sensor is ideal for measuring torsion and it
features a high sensitivity, easy fabrication, low cost, good
repeatability and stability, low refractive index and tem-
perature sensitivities, compared with existing conventional
LPFGs. It is expected to open new and exciting fields in
engineering, including bridges, buildings, dams, and so on.
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