Low cost temperature- and strain-insensitive twist
sensor based on hybrid fiber grating structure
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We proposed and experimentally demonstrated a temperature- and strain-insensitive twist sensor based on a
hybrid fiber grating structure, in which the hybrid grating structure is constructed with a 45°-tilted fiber grating
(45°-TFG) and a chirped fiber Bragg grating (CFBG) UV-inscribed in a single mode fiber (SMF) in series. The sensing
performance has been evaluated by experimental and numerical analyses which are in good consistency. The
experimental results show the hybrid grating structure based twist sensor has a maximum twist sensitivity up to
15.037 dB/rad. Moreover, due to the invariability of the fiber birefringence and the state of polarization of the input

light, such sensor has intrinsically low temperature and strain sensitivities of s
corresponding to the maximum twist measurement error resulting from temperature and strain of

, respectively.
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1. INTRODUCTION

Twist sensors have attracted growing research interest for
security monitoring of civil engineering, industrial application,
and arms of humanoid robots because twist is a significant
mechanical parameter that reflects the deformation and stress
condition of the monitored structures. There are two types of
twist sensors: electronics and optics. The conventional twist
sensors are mainly based on electromagnetic phenomena [1]
and electrical methods [2], which usually have bulky heavy
structures and cross-sensitivity problems. Compared with the
electrical twist sensors, the optical fiber twist sensors are
regarded as another promising candidates because of their
inherent merits, such as electromagnetic interference-free,
compact size, light weight, and distributed measurement over
a long distance, which are superior in practical applications.
Up to now, various types of optical fiber twist sensors have
been extensively investigated and developed. According to the
different configurations, optical fiber twist sensors can be
mainly categorized into the following types: fiber gratings [3—
10] and fiber interferometers [11-18]. For example, a
considerable amount of fiber gratings including fiber Bragg
gratings (FBGs) [3-5], chirped fiber Bragg gratings (CFBGs)

[6], phase shifted FBG [7] and long period gratings (LPGs) [8—
10] have been employed to construct optical fiber twist sensors
with compact structures. Meanwhile, the fiber interferometer
based twist sensors also have great potential due to their high
sensitivity and fast response, which can be realized by Sagnac
interferometer (SI) [11-13], multi-mode interferometers
(MMI) [14,15], Mach Zehnder Interference (MZI) [16,17] and
Solc filters [18]. However, most of fiber grating based twist
sensors suffer from temperature and strain cross-sensitivity
problems and relatively low twist sensitivity. And fiber
interferometer based sensors always need comparatively
complex signal demodulation system and special optical fibers
or structures, which might limit their potential applications.

A polarization detection process is a simple and effective
method to realize twist measurement. When a beam of linear
polarized light transmits in an optical component under twist,
the output intensity after the polarization analyzer would
change with the twist. Therefore, the twist effect can be
detected by the intensity variation. In this paper, we propose
and demonstrate a hybrid fiber grating structure based
temperature- and strain-insensitive twist sensor, in which the
hybrid grating structure is fabricated by inscribing a section of
45°-tilted fiber grating (45°-TFG) and chirped fiber Bragg
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grating (CFBG) in the single mode fiber (SMF) in series. The
45°-TFG has been implemented as an ideal in-fiber polarizing
component since proposed in 2005 [19], due to its prominent
advantages, including high polarization-extinction-ratio
(PER), low insertion loss, and nice compatibility with other
fiber components.

The experimental results
show that the proposed sensor exhibits a high twist sensitivity
up to 15.037 dB/rad, which show good consistency with the
numerical analysis results. Furthermore, the proposed twist
sensor has ultra-low temperature and strain sensitivities of
, corresponding to the

maximum twist measurement error resulting from temperature
and strain of ,

respectively.

2. DEVICE PRINCIPLE AND THEORETICAL ANALYSIS

The schematic diagram of the hybrid fiber grating structure
based twist sensor is shown in Fig. 1, which is constituted by
inscribing a section of 45°-TFG (PER of 33 dB) and CFBG
(reflectivity of 25 dB) in the SMF with a segment of fiber
cavity. In the sensor configuration, the 45°-TFG is used as an
ideal fiber polarizer to convert the light launched from the
amplified spontaneous emission (ASE) light source into
linearly polarized light, and a fiber polarization analyzer for
the light reflected by the CFBG simultaneously. When the
fiber cavity between the 45°-TFG and CFBG is subjected to
twist, the polarization state of the light transmitting in the fiber
will be changed, resulting in the output intensity variation. In
this case, the twist angle applied on the fiber cavity can be
deduced by simply monitoring the intensity change. Thus,
based on the proposed hybrid grating structure, we
demonstrate an optical fiber twist sensor.
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Fig. 1. Schematic diagram of the hybrid fiber grating structure
based twist sensor.

For a fiber under linear twist 6 shown in Fig.1, without any
change of other optical components, the Jones matrix of the
twisted fiber can be given as [B8l:
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Here:
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dL and S¢ are the phase terms pertaining to the linear and
circular birefringence of the corresponding fiber, respectively.
An is the linear birefringence, A is the operating wavelength,
and g =0.16 is a constant parameter for the conventional silica
fiber. In this work, due to the low linear birefringence of the
SMF which is about 1077, the twist applied onto the SMF
could be considered as a strong twist, in which case, the
circular birefringence is dominant [[B8l]. Therefore, Eq. (1) can
be simplified as:
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In addition, the Jones matrix of the 45°-TFG and CFBG
can be expressed as:
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By using the transfer matrix method, the proposed hybrid
fiber grating structure based twist sensor can be described as:

M = PAS—TFG ) FL ('0)' MCFBG . FL (6) . PAS—TFG (6)
The output intensity is shown as:
| o= cos’(1.840) Q)

Assuming a beam of non-polarized light enters into the
proposed structure, according to Eq. (7), the output intensity
is a sinusoidal function with the twist angle, and the twist
sensitivity is independent of the twisted fiber length,
environmental temperature and strain.

3. RESULTS AND DISCUSSION

The twisting experimental setup is shown in Fig. 2, in which a
segment of fiber cavity between the 45°-TFG and CFBG is
clamped by a fiber holder on one side and a fiber rotator with
an engraved dial on the other end. To eliminate the
measurement error induced by bending, a pre-strain is applied
on the fiber to keep the twist section straight. An ASE source
is used as non-polarized light source and is launched into the
port 1 of the circulator and the output from port 3 is recorded
by the optical power meter.



Circulator Fixed Rotator

ASE /,)\

Module 1

2 1
45° TFG SMF CFBG

ASE
I

Optical Power Meter

Fig. 2. Experimental setup for twist measurement.

During the twist measurement, one end of the fiber was
rotated from 0° to 360° with an increment of 5° and the light
intensity was measured by the optical power meter. We
conducted the experiment for three times to show the
repeatability. The experimental result is plotted in Fig. 3(a),
which presents the relationship between the intensity and the
applied twist angles. It is obvious that the intensity changes
periodically with the twist angles as a sine-like function, and
the sensor demonstrates good repeatability due to the slight
standard deviation. As we can note, the change of each dip in
amplitude may arise from the transmission loss of increasing
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Fig. 3. Intensity variation with applied twist angle, (a) Twist
response with maximum sensitivity of -15.037 dB/rad. (b)
Comparison between simulated and experimental results.

twist and residual stress or core ellipticity resulting from the
practical fiber fabrication process. Therefore, the proposed
sensor has the maximum twist sensitivity of —15.037 dB/rad in
the region from 10° to 50°, according to the slope of the fitting
curve of —0.26244. Figure 3(b) depicts the calculated and
measured results, which shows that the light intensity varies
with the twist angles in a sinusoidal waveform and both the
results have the same angle period. A comparison between our
work and the previous fiber twist sensors by using intensity
modulation is listed in Table 1, in which the sensitivity of the
proposed twist sensor is one order higher than that of the
previous work.

Table 1. A Comparison of the Sensitivity Between Our Work and
the Previous Reports

Reports Twist Sensitivity

15.037 dB/rad

This work

From Eqg. (7), the light intensity of the proposed sensor
only depends on the twist angle, which is not affected by the
sensor length under twisting, temperature and strain [N
BEREIRIENEE. To verify this, we investigated experimentally
the performance of the sensors with three different fiber
lengths (5cm, 10cm, and 15cm) under twisting range from 0°
to 200°. As is revealed in Fig. 4, the twist sensors with three
different fiber lengths show almost the same sensing results,
since the standard deviations are small enough to be
considered ignorable.
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Fig. 4. Sensor performance with different twisted fiber length.

Furthermore, we have also investigated the cross
sensitivities of temperature and strain. In experiment, the fiber
cavity between the 45°-TFG and CFBG was subjected to a
temperature controller with three different pre-twist angles
(50°, 70° and 100°). The heating temperature was stepwise
increased from 10 °C to 80 °C with an increment of 10 °C.
Figure 5(a) shows the measured intensity variation with
different temperature levels, in which the intensity barely



changes, and the maximum linear fitting coefficient is only

BEGRIOEIEBEE, corresponding to the maximum twist
measurement error of FIESKIORINGUEE. For the strain

measurement, the increasing axial strain (0~1000 peg) was
applied on the sensor by adjusting the translation stage. The
strain was calculated from the elongation of the stretched fiber
divided by its original length. The relationship between the
output intensity and axial strain under different pre-applied
twist angles (50°, 70° and 100°) is revealed in Fig. 5(b), in
which the intensity almost remains stable. The strain
sensitivity is only [HEUORIGBIE. Which contributes to the
maximum twist measurement error of 4.03x107 rad/ue. This
can be explained by the fact that when the fiber is subjected to
the temperature and strain uniformly, the birefringence of the
SMF hardly changes, leading to that the polarization state of
the light transmitting in the sensor almost remains the same.
As a result, the intensity keeps unchanged.

Therefore, the
proposed sensor can be considered insensitive to temperature
and strain, which is an important characteristic in view of its
application as a twist sensor.
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To investigate the sensor performance with different PER,
three 45°-TFGs with PER of 6dB, 15dB and 33dB were
selected along with the CFBG (reflectivity of 25 dB) to
conduct the twist measurement. As revealed in Fig. 6, the
results with PER of 15dB and 33dB are in good accordance,
while the one with PER of 6dB is less accurate. It can be
inferred that the sensor based on the 45°-TFG with PER of
15dB which is high enough to guarantee the function and
accuracy can have good twist performance.
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Fig. 6. Twist response with different PER of 45°-TFGs.

We also investigated the stability of the proposed sensor by
measuring the twist response from 0° to 360° and 360° to 0°,
respectively. The result is plotted in Fig. 7. As shown in the
figure, both intensities for the increasing and decreasing twist
angles match very well, which demonstrates that the proposed
sensor has good stability of its response with no evidence of
hysteresis. This indicates the proposed twist sensor is desirable
for real-time monitoring.
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Fig. 7. Stability of the proposed twist sensor.

4. CONCLUSION



In summary, we propose and experimentally demonstrate a
temperature- and strain-insensitive optical fiber twist sensor
based on a hybrid 45°-TFG and CFBG structure. The
experimental results show that the intensity changes as sine-
like function with the twist angle, which agrees well with the
theoretical analysis. In addition, based on the intensity
modulation, the proposed twist sensor exhibits a high twist
sensitivity up to 15.037 dB/rad, which is independent of the
sensing fiber length . Meanwhile, its
temperature and strain cross-sensitivities are low to

, respectively. The proposed twist
sensor with prominent advantages such as extremely simple
and robust structure, high sensitivity to twist and immunity to
temperature and strain is highly desirable for modern smart
structure monitoring applications.
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