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Abstract: A novel intensity-modulated directional torsion sensor based on a helical taper is
proposed and experimentally demonstrated. The tapers are fabricated in standard single-mode
fiber by electric-arc discharge, and by rotating one side fiber simultaneously. Experimental results
show that the intensity of transmission peak changes inversely when the helical taper is twisted
in clockwise and counterclockwise, respectively. The maximum torsion sensitivity can reach
-0.484 dB/(rad/m) in the twist rate ranges from -10.67 rad/m to 0 rad/m. Additionally, this torsion
sensor is almost insensitive to temperature, which solves the problem of torsion-temperature cross
sensitivity greatly. The novel torsion sensor provides a promising candidate for the applications
that require accurate rotation, such as civil engineering, the automotive industry, and security
monitoring of buildings.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Optical fiber sensors have the advantages of small size, light mass and anti-electromagnetic
interference, which have attracted lively interest in many fields [1,2]. For example, a holographic
control method for light propagating in complex media was proposed recently, and it enabled
multimode fibers to be used as an ultra-narrow imaging tool [3]. In addition, the multimode
optical fiber transmission based on deep learning networks has also been studied [4]. Torsion
is an important mechanical parameter that reflects the stress state and internal injury of the
monitored structure, and the torsion sensors can be embedded in engineering structures for
internal strain detection [5] and structural health monitoring [6,7]. Furthermore, in the past
decades, the highly sensitive and directional torsion measurements using an optical fiber sensor
have been employed in many applications, such as robotics, civil engineering [8], and automotive
industry. For example, the wind turbine blades are deformed after a long period of abrasion,
resulting in reduced efficiency. Hence, structural monitoring of the blades is necessary to detect
fatigue failure and production optimization of the wind turbines, which can be greatly achieved
by measuring the twist of blades [9]. In recent years, the torsion sensors based on various fiber
structures have been investigated [10], such as FBGs [11,12], LPFGs [13–15], and Mach-Zehnder
interferometers (MZIs) [9,16,17]. In 2017, Ping Lu’s research group successfully fabricated
a novel torsion sensor with relatively high sensitivity, and it is based on a tapered sandwich
structure [18]. Moreover, its torsion sensitivity reached 0.12 dB/° and it solved the problem of
temperature cross sensitivity by power demodulation. Recently, Yi-Ping Wang’s research team
reported a novel directional torsion sensor, which is in a helical photonic crystal fiber with an
embedded liquid rod waveguide [19]. This torsion sensor can distinguish the rotational direction
and had a relatively high sensitivity that up to 0.208 nm/(rad/m). However, as far as we know,
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many torsion sensors so far reported can only measure the twist rate, which can’t distinguish
the rotational direction [18,20]. Additionally, there are also some torsion sensors, whose are
complicated to fabricate and costly [17,21], and the others are sensitive to temperature that have
the problem of cross sensitivity in practical applications [22,23].

In this work, a novel directional torsion sensor is proposed. Firstly, the torsion sensor is
fabricated by an electric-arc discharge method in single mode fiber (SMF), which the fabrication
process is simple and the cost is low. And by introducing an initial helical structure when
pulling the taper, the torsion sensor can measure twist rate and distinguish its rotational direction
simultaneously. Furthermore, because the size of the helical taper is only a few hundred
micrometers, the torsion sensor is almost insensitive to temperature, which solves the problem of
torsion-temperature cross sensitivity greatly.

2. Experiment process

2.1. Experimental setup

The device diagram of fabricating the helical taper is demonstrated in Fig. 1(a). This helical taper
structure was fabricated in standard single mode fiber (SMF-28e, Corning.) by an electric-arc
discharge method. Firstly, the fiber with coating removed was straightly placed in the V-groove
of a fusion splicer (Ericsson FSU-995PM), and fixed by the fiber clamps. Then, one user-defined
tapered program was selected. What’s more, the discharge time and current must be chosen
appropriately. If the current is too small, the taper can’t be drawn, and if it is too large, the taper
is easily blown. In addition, the discharge time must be also greatly controlled to obtain a better
spectrum. By continuously researching the discharge time and current, the optimal parameters
were obtained as follows: discharge time= 12s, discharge current= 10mA. Finally, when the
tapered program started, the fiber clamp at the right end was rotated 360° simultaneously.

Fig. 1. (a) The device diagram of fabricating this helical taper. (b) The schematic diagram
of the fabricated helical taper.

During the fabrication of this helical taper, its spectra are monitored in real time by the
experimental setup shown in Fig. 1(a). A light source (Superk Compact, NKT Photonics, Inc.)
with broadband of 500nm-2400nm outputs supercontinuous light. And the transmission spectrum
of this helical taper is recorded by an optical spectrum analyzer (OSA) (Yokogawa AQ6370B).
The Fig. 1(b) is the schematic diagram of the helical taper, and it can be clearly seen that the
helical taper is slightly micro-bend due to the perturbation of applied 360° rotational force.
When the light propagates along the micro-bend region, a portion of core mode is coupled to the
cladding, resulting in bending loss. Additionally, in the taper waist region, there is a distinct
helical shape due to the rotation when pulling.

The Fig. 2(a) is the transmission spectrum of this helical taper. Among them, the dip A and
dip B are labeled for the following torsion test. Then, the transmission spectrum is subjected to
fast Fourier transform (FFT), and the spatial frequency spectrum is obtained. As demonstrated
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in Fig. 2(b), there are two dominant peaks, which located at 0.00998 nm−1 and 0.0160 nm−1,
respectively. These two frequency peaks indicate that there are mainly two excited cladding
modes, and they interact with core mode, forming interference fringes. In order to explain the
coupling process and spectrum composition of helical fiber taper mode more clearly, the coupling
of two cladding modes and three cladding modes with the core mode is simulated by MATLAB
software, as shown in Fig. 2(c) and (d). It can also be seen from the FFT spectrum that there are
many spectrum components, and two strong cladding modes are mainly coupled with the core
mode.

Fig. 2. (a) Transmission spectrum of this helical taper. (b) FFT spectrum of the correspond-
ing transmission spectrum. (c) Simulation of coupling between two cladding modes and
core mode. (d) Simulation of coupling between three cladding modes and core mode.

2.2. Sensing principle

When the light propagates along the helical taper, as shown in Fig. 1(b), in the micro-bend region,
a portion of core mode is coupled to cladding. And in the latter taper-transition region of the
helical taper, the cladding mode is recoupled back, interfering with the core mode. Therefore,
the sensing principle of this helical taper is a Mach-Zehnder interferometer. Additionally, the
polarization state of input light will change at this helical taper [23], and the thin taper waist will
increase the evanescent field, which improves the torsion sensitivity. The intensity of output light
is expressed as:

Iout = Ico + Icl + 2
√︁

IcoIcl cos(Φ) (1)

where Ico and Icl are the intensity of core and cladding separately, and Φ is the phase difference
of them. Since the effective refractive index of core and cladding is different, the light has
different propagation speed in them, which generates a phase difference after a certain distance
of transmission. And the phase difference Φ can be expressed as:

Φ = (2π∆neff L)/λ (2)

where ∆neff is effective refractive index difference of core mode and cladding mode, L is the
length of this interferometer, and λ is wavelength of the input light. When Φ=(2m+ 1)π, where
m is a positive integer, there are a series of attenuation peaks in the wavelength ranges of 1200
nm-1700 nm, as demonstrated in Fig. 2(a).

When the torsion test is performed, one end of the fiber is fixed and the other is free to rotate,
applying transverse shear to the helical taper. The cross-section of the fiber is subjected to a shear
strain that can be expressed as [24]: ε = (Dθ)/(2L0), where D is diameter of the single mode
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fiber, θ is the twist angle, and L0 is the length between two fiber clamps. The applied twist causes
the elastic-optical effect, which in turn leads to the circular birefringence. When the helical taper
is twisted, the polarization state of the input light changes with twist angle, which can be written
by a Jones matrix FL [25]:

FL =

⎡⎢⎢⎢⎢⎣
cos η − i δL

2
sinη
η

δC
2

sinη
η

−
δC
2

sinη
η cos η + i δL

2
sinη
η

⎤⎥⎥⎥⎥⎦ (3)

where δL is the phase difference of the inherent linear birefringence in a single mode fiber, and δC is
a phase term of the circular birefringence caused by the twist. In addition, δL = Φ = (2π∆neff L)/λ,

δC = 2(1 − g) · θ, and η =
√︃(︂

δL
2

)︂2
+
(︂
δC
2

)︂2
. For a standard single mode fiber, the difference of

linear birefringence ∆neff is about 10−7, which can be considered equal to 0, and the constant g is
about 0.16 [26]. Therefore, the Jones matrix FL is simplified to:

FL =

⎡⎢⎢⎢⎢⎣
cos δC

2 sin δC
2

− sin δC
2 cos δC

2

⎤⎥⎥⎥⎥⎦ =
⎡⎢⎢⎢⎢⎣

cos(0.92θ) sin(0.92θ)

− sin(0.92θ) cos(0.92θ)

⎤⎥⎥⎥⎥⎦ (4)

And the output light field vector is [27]: Iout = FL × Iin, where Iout is the output light intensity,
and Iin is the incident light intensity. Thus, the output light intensity is only related to the twist
angle θ.

As shown in Fig. 1(a), when we fabricated the helical taper structure, an original twist angle θ0
was introduced. Hence, the actual twist angle is equal to (θ0 ± θ), the “+” and “−” means applied
twist in clockwise (CW) and counterclockwise (CCW) direction when conducted the torsion test.
Among them, the clockwise represents the same direction as the fabricated helical taper, as the
direction that marked in Fig. 1(a), and the counterclockwise indicates the opposite rotational
direction when performed a torsion test. Therefore, during the following torsion test, when the
helical taper is twist in opposite directions, the intensity of transmission peaks changes inversely.

3. Results and discussion

3.1. Torsion sensing

The torsion characteristic of the helical taper was investigated experimentally. And the experimen-
tal device diagram for torsion test is shown in Fig. 3. Firstly, the helical taper structure was placed
carefully, and ensure that it is not bend with no additional tension. Then the one end fiber clamp
was fixed and the other can be rotated in clockwise and counterclockwise direction, respectively.
Here, the clockwise means the twist direction when fabricated the helical taper, as the direction
that shown in Fig. 1(a). And the opposite direction is defined as the counterclockwise. Finally,
set the rotational angle step to 5°, which corresponding to a twist rate step of 0.970 rad/m. The
twist rate is defined as: τ = α/L0, where α is the twist radian of the fiber, and L0 is the length
between the two fiber clamps, which is 9cm. Here, compared with twist angle, the twist rate can
more accurately represent the shear force applied on the helical taper.

Using an arc discharge method, the helical taper with a waist diameter of 54.6 um was
fabricated firstly. The Fig. 4 and Fig. 5 are the torsional experimental results of this structure.
Among them, the Fig. 4(a) demonstrates variation of transmission spectra with increasing of
twist rate in clockwise direction. It can be clearly observed that with the increasing of twist
rate from 0 rad/m to 10.67 rad/m, the transmission intensities are both increase of dip A and
dip B, which indicates by these two red arrows. Additionally, the Fig. 4(b) demonstrates the
shift of transmission spectra with the twist rate ranging from -10.67 rad/m to 0 rad/m. And with
the increasing of twist rate in counterclockwise, transmission peaks intensities are decrease, as
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Fig. 3. The experimental device diagram for torsion test.

shown by the blue arrows, which has opposite variation compared to clockwise twist. To the best
of our knowledge, the polarization state of incident light propagating through this helical taper
can be described by a Jones matrix FL [28]. And according to the Eq. (4), as the twist applied on
the fiber, the polarization state of incident light changes, leading to the variation of transmission
dip intensity. In addition, because there is a 360◦ pre-twist when fabricated this helical taper, the
intensity varies conversely in clockwise and counterclockwise torsional test. Furthermore, as
shown in Fig. 4, the birefringence change caused by the twist is too small [29], the wavelengths
of these two peaks hardly shift. Therefore, according to the intensities of transmission peaks
have contrary variation when the helical taper is twisted in opposite directions, we can identify
rotational direction. Moreover, this torsion sensor adopts the method of intensity modulation,
which does not require expensive spectrometer, so the cost is greatly low in practical applications.
Helical fiber tapers are fabricated by applying torsion stress in a clockwise direction. When
the stress is applied in the clockwise direction, the helical degree increases and the optical
loss increases. Due to the elastic-optical effect, the refractive index will change greatly and
the spectral wavelength will shift. When counterclockwise stress is applied, the helical degree
decreases, which is equivalent to unwinding the helix, and the optical loss decreases. At this
time, the elastic-optical effect is weak, the change of refractive index is small, and the change of
spectral wavelength is not obvious.

Fig. 4. (a) Transmission spectrum of dip A and dip B changes with the twist rate
increasing in clockwise. (b) Transmission spectrum changes with the twist rate increasing in
counterclockwise.

The Fig. 5 demonstrates the relationship of transmission intensity and twist rate. It can be
observed that with the changing of twist rate, the intensity variation of dip A and dip B has a
similar trend. Then by linearly fitting the experimental data, the torsion sensitivity of these two
peaks can be obtained. In addition, compared with dip A, the dip B has a better linearity and
a higher torsion sensitivity. Moreover, the performance of transmission dips is closely related
to the mode coupling between core mode and the excited cladding mode [17], as well as the
optical anisotropy in twisted fiber [9]. And the dips in different locations are mainly determined
by the order of excited cladding mode. Thus, the dip B is formed by a relatively higher order
cladding mode interacting with core mode, which has greater sensing performance. The highest
sensitivity is achieved when the dip B in counterclockwise twist measurement, which reaches up
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Fig. 5. The relationship between the intensity of two transmission peaks and twist rate.

to -0.484 dB/(rad/m) with the R-square of 0.997. Furthermore, the linearity is closely related to
the twist angle, such as in the Refs. [28] and [29], with the twist angle ranging from 0◦ to 360◦,
the intensity of transmission dip varies periodically with the twist angle as a sine-like function.
Here, since the waist of the fabricated helical taper is thin, its mechanical strength is weak, and
the applied twist angle is only between 0◦ and 55◦. Therefore, in this small twist range, the
transmission intensity and twist rate show better linearity [9]. Additionally, the torsion sensitivity
is different for clockwise and counterclockwise measurements, and this can be explained for
the following reasons. On the one hand, due to the twist-induced optical anisotropy of fiber
[30] and the applied pre-twist during the fabrication of helical taper, the structure exhibits to be
asymmetrical, resulting in the different sensitivity in clockwise and counterclockwise. On the
other hand, the applied twist also induces the circular birefringence of fiber [31], which makes
the difference of torsion sensitivity in clockwise and counterclockwise to a certain extent.

In order to improve the completeness and persuasiveness of the torsion sensing, other waist
diameters of the helical taper were also fabricated and tested. The Fig. 6 is experimental results
of torsion test. And compared with the sensing structure with a waist diameter of 54.6um that
mentioned above, their dip intensity has the same variation law, which is increase in clockwise
twist and decrease in counterclockwise. From the insets of Fig. 6, the torsion sensitivities of
these two structures can be obtained. Among them, the sensitivity with waist of 62.5um are
-0.329 dB/(rad/m), and it is -0.213 dB/(rad/m) with the waist diameter of 66.9um. Additionally,
comparing the results of these three different waist diameters, it can be found that the thinner
taper waist has higher sensitivity. This is because the structure suffers more twist force if the
waist is thinner, leading to greater deformation. However, a too thin taper waist will greatly
reduce the mechanical strength of the structure, so reasonable waist parameters should be chosen
when fabricating.

Fig. 6. (a)The variety of transmission spectra with the waist diameter of 62.5um. (b)The
shift of transmission spectra with the waist diameter of 66.9um. Insets: The relationship
between intensity and twist rate.
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3.2. Temperature sensing

Lately, the temperature response of the helical taper was also researched. Firstly, the helical
taper was fixed in the center of a heating table with a temperature resolution of 1 °C, and in
order to ensure the accuracy of the temperature test, a cover was placed on the heating table to
maintain the temperature at the set values. With the temperature gradually increasing from room
temperature (17°C) to 100°C, the transmission spectrum was recorded by using a spectrometer.
As shown in Fig. 7, with the increasing of temperature, the intensities of dip A and dip B both
hardly change. The inset plots the relationship between temperature and transmission intensity.
And from the inset, the temperature sensitivities of dip A and dip B can be obtained that are
0.00102 dB/°C and 0.00039 dB/°C separately. Compared to the torsion sensitivity of the helical
taper, these temperature sensitivities are greatly low, which can be neglected for the torsion
measurement. Therefore, we can consider that the helical taper structure is almost insensitive to
temperature, and this effectively solves the problem of torsion-temperature cross sensitivity in
practical applications.

Fig. 7. The transmission spectrum changes with different temperatures. Inset: The
transmission intensity changes with temperature.

The main reason why helical fiber taper is not sensitive to temperature is that when the
ambient temperature changes, the refractive index of the optical fiber material changes due to
the thermo-optical effect and thermal expansion effect of the material, which causes the shift
of the sensor’s transmission spectrum wavelength. The center wavelength shift of the m-order
interference fringe caused by the change of external temperature can be expressed as follows
[32–34]:

∆λm = (α + Pt)λm∆T (5)

Where Pt is the difference of effective refractive index between the two modes when the external
temperature changes, α is the thermal expansion coefficient of the material, and ∆T is the change
of the external temperature. Because the coefficient of thermal expansion of quartz is very
small, from room temperature to 100 °C, the effect of thermal expansion caused by temperature
change is very small, which leads to little influence on the change of transmission mode, and the
change of Pt caused by temperature change is approximately 0. Therefore, helical fiber taper is
insensitive to temperature, which avoids the cross-sensitivity problem when temperature and
torsion are measured simultaneously.

4. Conclusion

We propose a novel torsion sensor based on a helical taper. And this helical fiber taper is fabricated
by a method of electric-arc discharge of a fusion splicer, which the fabrication process is simple
and the cost is greatly low. The experimental results of torsion sensing indicate that when the
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structure is twisted in different directions, the intensity of transmission peaks varies inversely.
Therefore, the torsion sensor can measure twist rate and distinguish its rotational direction
simultaneously, and the maximum sensitivity can reach -0.484 dB/(rad/m). Additionally, the
helical taper is almost insensitive to temperature, which solves the problem of torsion-temperature
cross sensitivity greatly.
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