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Abstract: A novel long-period fiber grating (LPFG), fabricated by periodically cascading a
series of screw-type distortions, is proposed and experimentally demonstrated. These screw-
type distortions are induced by twisting the fiber during CO, laser beam exposure. The
resulting LPFG will either be left- or right-hand helical, depending on the twist rate and
direction used during fabrication, with a certain frozen shear strain. Due to the independence
between grating pitch and twist rate, this type of LPFG could be more flexible than the
helical- or chiral-fiber gratings reported previously. During LPFG twisting, the device
displays good directional dependence and an enhanced torsion sensitivity of 0.1604
nm/(rad/m), which implies the structure could be an excellent candidate for torsion sensors.
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1. Introduction

Optical fiber torsion sensors are widely used in many practical applications, such as
automotive industry and anthropomorphic robots, because of their unique advantages. They
are lightweight, small, flexible, compact, and most importantly, feature a high torsion
sensitivity [1]. As a result, several optical in-fiber torsion sensors have been proposed using
various types of fiber components, such as corrugated long-period fiber gratings (LPFGs) [2],
high-birefringence fibers [3], UV inscription-tilted fiber gratings [4], polarization-maintaining
fiber Bragg gratings [5], Sagnac loop structures [6, 7], and distributed Bragg reflector fiber
grating lasers [8]. However, many of these proposed structures are torsion-independent and
can distinguish the angle but not the direction (clockwise or counter-clockwise) of the applied
torsion. As such, despite their high torsion sensitivity, they are impractical for certain
applications [2, 4, 5]. CO, laser-induced LPFGs (C-LPFG) exhibit clear torsion dependence
because of unilateral exposure to the laser beam. Various CO, laser inscription-based LPFG
torsion sensors have been proposed, but their dynamic range is typically narrow and the
torsion response often includes nonlinearity [9—12].

The potential for a new type of CO, laser-based LPFG with a helical structure has
attracted a lot of attention since it was first proposed and demonstrated to be a good optical
fiber torsion sensor [13, 14]. When torsion stress is applied, the helical pitch is effectively
reduced or enhanced, resulting in good structural torsion dependence and a sensitivity that is
relatively higher than conventional CO, laser-based LPFGs. Because of their unique benefits,
helical structures have been implemented in a variety of fiber optic torsion sensors in order to
achieve higher torsion sensitivities [15-19]. However, fabrication of a helical structure is very
difficult, as it requires high-precision control of the twist rate, the velocity of translation
stages, and the power of the laser. Additionally, the grating pitch of helical structures is
dominated by a spiral freeze stress formed by rotators and the laser beam, which is inflexible
because the grating pitch remains fixed once the twist rate is set.

In this letter, we report on a new fabrication method for a pre-twisted long-period fiber
grating (PT-LPFQ) that could be used as a torsion sensor to measure twist rate and determine
rotation direction (clockwise or counterclockwise), simultaneously. The PT-LPFG was
fabricated by periodically twisting a conventional single mode fiber (SMF, Coring SMF-28¢
+ ) under CO, laser beam irradiation to create a series of permanent screw-type fiber
deformations in which the shear strain was frozen out. During fabrication, the left- or right-
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hand helical distortion is formed in each pitch of the PT-LPFG, which is determined by the
twist and horizontal translation directions. Torsional characteristics were experimentally
investigated for both right- and left-hand helical PT-LPFGs and results show that the
proposed sensor exhibits good torsion direction dependence and an enhanced sensitivity up to
0.1604 nm/(rad/m), which is more than five times higher than that of a conventional CO,
laser-based long period fiber grating.

2. Fabrication system

A schematic diagram of the fabrication process for the presented PT-LPFG is shown in Fig.
1(a). It consists of an industrial CO; laser (SYNRAD 48-1) with a maximum power of 10 W,
a three-dimensional (3D) translation stage that automatically moves together with the fiber
holder (right and left horizontal directions) with a repeatable accuracy of 80 nm, and a pair of
electronic rotators (Elliot Scientific MDE235) with a high rotation precision of 1. A Labivew
control program with a user-friendly operation interface was developed to control every
electronic device in the system such as the shutter, fiber rotators, and (3D) translation stages.
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Fig. 1. (a) A sketch of the experimental setup for PT-LPFG fabrication. The (b) schematic
image and (c) microscopic image of a right-hand helix PT-LPFG with fabrication parameters
of 4 =410 um, f = /2, and v = 5°/s. The c.w and c.c.w are respectively defined as the
clockwise and counter clockwise direction along the light propagating. The pre-twist rate with
c.w and c.c.w direction will induce the right-and left-hand helix screw type deformation,
respectively.
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The PT-LPFG was fabricated as follows. First, the SMF was held and slightly
straightened by the two fiber holders fixed on the motor rotators, ensuring the SMF core was
located in the focal plane of the CO, laser. Second, the laser and the two rotators were
activated simultaneously. The beam was then switched with a shutter and used to melt fiber in
the irradiated area while the two rotators twisted the melted fiber in opposite directions.
Exposure time for the CO, laser was dependent on the preset rotation angle f and the rotation
velocity v to ensure the shutter was closed when the rotators stopped. In this manner, a screw-
type distortion fiber was easily fabricated. Finally, the 3D translation stage was moved the
desired distance A longitudinally along the fiber. This fabrication process was then repeated
several times in the same rotation angle /5 to produce the final PT-LPFG.

Figs. 1(b) and 1(c) show schematic and microscopic diagrams of the PT-LPFG. The
screw-type areas are independent of the interval length between two neighboring regions.
This implies that the preset rotation angle 5, which is related to the initial twist rate T, is
independent of grating pitch. As a result, the final sensor includes a higher degree of design
flexibility than that of a chiral fiber grating [13], which features a close correlation between
twist rate and grating pitch. In addition, the fabricated PT-LPFG and chiral fiber grating can
either be left- or right-helix, as determined by the twist and horizontal translation directions.

3. Spectra characteristics

The transmission spectrum of the PT-LPFG was measured by a super-continuum light source
(SCS, NKT Photonics Super K Compact) and an optical spectrum analyzer (OSA, YOKO-
GAWA AQ6370C). We fabricated the PT-LPFG with a grating pitch of 410 ym and S = n/3.
The measured transmission spectra, which featured an increasing number of periods, was
recorded and is plotted in Fig. 2. The resonant intensity was enhanced by the increased
periodicity and achieved a maximum of —32.5 dB at a wavelength of 1552.4 nm when 24
periods were included. Using an infrared camera, we observed the near field intensity profile
for the PT-LPFG. As shown in the inset image in Fig. 2, a clear asymmetrical cladding mode
field LP16 profile was obtained at the resonant wavelength of 1552.4 nm, which is similar to
that of C-LPFG [20, 21].
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Fig. 2. The transmission spectrum evolution of a right-helix PT-LPFG with a grating pitch of
410 pm and a mode field diagram at a wavelength of 1552.4 nm
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The physical mechanism for mode coupling in the PT-LPFG may be combined by
residual stress release, changes in fiber geometry, and frozen shear stress, which can be
induced in the screw-type structure. In this fabrication system, the separation L, between the
two rotators was 0.055 m, and thus, the frozen shear strain could be quantified by the initial
twist rate of 7, =28/L, =2/0.055=36f (rad/m). In contrast to C-LPFGs, the proposed

PT-LPFG with frozen shear strain can alter sensing and transmission characteristics.

To verify reproducibility and design flexibility, several PT-LPFGs were fabricated in two
groups. The first exhibited different values of A and constant £, while the second included
different values of £ but constant A. In the first group, five right-helix PT-LPFGs with grating
pitches of 400, 410, 420, 430, and 440 um were manufactured with f = /3. According to the
phase matching conditions of typical LPFGs, the resonant wavelength shift with a change in
grating pitch could be considered experimentally under a constant pre-frozen torsion stress.
The corresponding resonant wavelengths were fitted and are plotted in Fig. 3. The resonant
wavelength is red-shifted with the increased pitch, which coincides with that of a C-LPFG
with modes coupling between core mode and lower order cladding modes.
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Fig. 3. Measured resonant wavelengths versus grating pitch for right-helix PT-LPFGs with the
same fabrication parameters and different grating pitches of 400, 410, 420, 430, and 440 pm,
with #=n/3 and A = 30.

In the second group, several left- and right-hand helix PT-LPFGs were fabricated with the
same grating pitch A = 410 uym but with § varying from n/3 to = at intervals of m/6,
corresponding to the spectra shown in Figs. 4 (a) and 4(b), respectively. As seen in the figure,
with increasing S, the resonant wavelengths of the transmission spectra present a blue shift in
the range from /2 to mt, which provides a new value for § to tailor the transmission spectra for
practical applications.
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Fig. 4. The spectra of a (a) left-hand helix and (b) right-hand helix PT-LPFG with the same
grating pitch A =410 um but with / varying from /3 to @ in intervals of /6.

4. Torsion characteristics

PT-LPFGs with opposite helix and C-LPFGs were fabricated for investigating torsion
characteristics, the resulting transmission spectra are shown in Fig. 5. The grating pitch A and
grating period N for each sample were 420 um and 30, respectively. The pre-twist angle and
rotation velocity for PT-LPFGs were £ = 7/3 and v = 5°/s, respectively.
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Fig. 5. The transmission spectra of two PT-LPFGs with opposite helicity and a C-LPFG
without helicity under the same grating pitch of 420 um.

We used the torsion test system shown in Fig. 6 in which two fiber holders held the
LPFGs fixed. One of them could rotate clockwise or counter-clockwise, with a separation L
of 55 mm. The two ends of the fiber were connected by an SCS and OSA, respectively, to
measure and record the transmission spectra. The applied torsion t was measured by the
applied angle a and the twist length L, such that 7=0/L=0a/0.055 =18a (rad/m). Figures
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7(a) and 7(b) show wavelength shifts in the transmission spectra as the applied twist rate ¢
varied from —57.1 rad/m to 57.1 rad/m. It is evident that with the same rotation applied, the
resonant wavelength for PT-LPFGs with opposite helicity give the opposite response. When
the applied torsion is clockwise, the right-helix PT-LPFG features a blue shift and the left-
helix PT-LPFG a red shift. Changes in the applied torsion direction cause the right-/left-helix
PT-LPFG to produce the opposite shift. Considering the relationship between grating helix
and applied torsion rotation, we can conclude that co-directional torsion causes the resonance
peak to shift to shorter wavelengths. The peaks shift to longer wavelengths under contra-
directional torsion, similar to helicoidal LPFGs [14]. For the purpose of comparison, we
fabricated a C-LPFG using the same system and measured the transmission spectra under the
same torsion range; the results are presented in Fig. 7(c). This C-LPFG was fabricated

without an induced helix, allowing us to take the torsional characteristics of the PT-LPFG
into full consideration.

Fixed Rotator
} LPFG New g X ~
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Fig. 6. A sketch of the torsion test system used for LPFGs.
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Fig. 7. Resonant wavelength shifts for (a) a right-hand helix PT-LPFG and (b) a left-hand helix
PT-LPFG under an applied torsion ranging from —57.1 rad/m to 57.1 rad/m. (c) A C -LPFG
without helicity with 30 grating periods and a grating pitch of 420 um. (d) The linear fitter
between the torsion and wavelength shifts for all three LPFGs.

Wavelength shifts for the three samples are plotted in Fig. 7(d). An approximately linear
relationship was observed between the wavelength shift and the applied torsion during
clockwise and counterclockwise rotations. As such, the data were subjected to linear fitting.
Slopes indicative of the torsion sensitivities of the three PT-LPFG samples are shown in Fig.
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7(d). This demonstrates that the frozen shear strain can effectively enhance torsion sensitivity
up to 0.162 nm/(rad/m) and 0.113 nm/(rad/m) for right-/left-helix PT-LPFGs, respectively.
This is over 5 times higher than conventional LPFGs, which average at ~0.023 nm/(rad/m).
Also, according to the above analysis, under co-directional torsion (the effective rotation is
clockwise for conventional LPFGs) the resonant wavelengths between PT-LPFG and C-
LPFG provide opposite responses. This implies the frozen shear strain has affected the in-
fiber polarization and altered the in-fiber modulation. In the process of testing, we twist the
fiber back and forth under this range several times. A consistent repeatable change was
observed in the resonant wavelengths.

5. PDL characteristic

Polarization-dependent loss (PDL) characteristics were also investigated using a PDL
measurement system that consisted of a tunable laser, a photonic all-parameter analyzer, a
polarization controller, and an optical power meter. Since PDL is related to the depth of the
attenuation dip, we fabricated a right-helix PT-LPFG with f = /2 and, for comparison, a C-
LPFG with the same grating pitch of 410 um and grating periods of 30. Both LPFGs were
created with similar extinction ratios. As shown in Figs. 8(a) and 8(b), the average loss and
the maximum PDL of the C-LPFG and PT-LPFG were obtained around resonant wavelengths
of 1573.2 nm and 1568.6 nm, respectively. The latter exhibits a maximum PDL of 3.6 dB,
which is relatively smaller than that of the former (5.4 dB) and previously reported values
[22, 23]. Because of the pre-twisting procedure, the asymmetrical RI modulation caused by
the CO, laser was reduced, causing the PT-LPFG PDL to be smaller than that of the C-LPFG.
Pre-twisting the fiber can freeze out in-fiber stress causing the structure to attach the same RI
modulation with lower energy, as compared with a conventional LPFG fabricated by
scanning up and down. Lower energies are needed to fabricate a PT-LPFG that may have
caused the PDL to be smaller.
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Fig. 8. The PDL of a (a) C-LPFG and (b) a right-hand helix PT-LPFG for f = n/2 with the
same grating pitch of A =410 um and 30 grating periods (N).

6. Conclusion

In summary, we have proposed a novel PT-LPFG. Experimental results verified the design
has several practical benefits. First, the proposed PT-LPFGs have significant design
flexibility due to the independence of grating modulation area and grating pitch. Second, both
of the left- and right-handed PT-LPFGs could distinguish torsion direction and measure twist
rate with an enhanced sensitivity. Moreover, the proposed PT-LPFGs have relatively lower
polarization dependence loss, which is ideal for optical communication.
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