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Abstract: We proposed a novel torsion sensor based on inter-core mode coupling in seven-
core fiber (SCF). The torsion sensor is fabricated by tapering a commercially available SCF
spliced with two single mode fibers. Waist diameter and length of the taper structure were
experimentally optimized to achieve good transmission spectrum. Based on this structure, the
torsion measurement was conducted, and the experimental results demonstrated that the
transmission spectrum shows a red shift with the fiber twist. The torsion sensitivity increases
with the twisting angle, which can achieve as high as 1.00 nm/°. The direction of wavelength
shift was observed to be opposite when twisting the tapered SCF in clockwise and counter-
clockwise direction, demonstrating its capability to discriminate the rotation orientation.
Moreover, all the measurements were repeated in attempts to confirm its stable performance
as well as high accuracy. Mode coupling dynamics and theory of optical anisotropy in twisted
fiber are adopted to discuss the sensitivity performance, which agrees well with experimental
results. The novel torsion sensor could provide a promising candidate for the applications
requiring accurate rotation.
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1. Introduction

Owing to the intrinsic advantages, such as compact size, low-cost, and immunity to
electromagnetic interference, fiber optic sensors have attracted extensive interests and various
fiber optic sensors are designed and fabricated according to different measurements. Torsion,
one of the important mechanical parameters, has become significant due to its potential
applications in the areas of robotics and civil engineering. For example, in needle-based
continuum robots for surgical interventions, shape sensors enable the flexible needles to steer
through soft tissue so that the cable-driven robot can be positioned accurately. However,
during needle steering and tissue manipulation tasks, the applied torsion may disorientate the
tool tip and then affect the accuracy of 3D shape reconstruction [1]. Therefore, a needle-sized
optical fiber torsion sensor with high sensitivity is urgent and potential in continuum robots.
Apart from that, structural monitoring of wind turbines blades became necessary for detection
of fatigue failure as well as production optimization of wind turbines. The monitoring can be
realized by measuring the twist of wind turbines and fiber-optic sensor was utilized at the first
attempt [2]. However, the resolution achieved is nonuniform and the sensitivity is very slow.
In order to implement torsion sensor with high sensitivity, various specialty optical fibers or
structures have been utilized. Long period grating (LPG) inscribed on single mode fiber using
femtosecond laser was demonstrated to be highly sensitive torsion sensor and X. Dong et al
reported that the different resonant wavelengths of LPG, corresponding to various orders of
the modes, show different shifts, in which LP(, resonance wavelength reaches the highest
sensitivity of 31.6 pm/(rad/m) [3]. Another highly sensitive torsion sensor was proposed and
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demonstrated experimentally based on Sagnac interferometer (SI) constructed by a SMF with
low birefringence induced by a femtosecond laser. This torsion sensor exhibits a sensitivity of
up to 3.25 nm/° [4], which is the highest one for the SI based torsion sensors reported so far.
In addition, Multicore fiber (MCF) with pre-twisted long helical structure as well as
Multimode fiber (MMF) spliced on both ends was recently reported to be sensitive to torsion
angle and the sensitivity can achieve about 0.118 nm/(rad/m) [5]. However, these torsion
sensors with high sensitivity are based on the custom-made specialty optical fibers or
sophisticated structures, which are inevitably costly and time-consuming.

In order to cope with the increasing need of the internet capacity, space-division
multiplexing technique using multicore fibers has been investigated extensively in recent
years [6-9], in which Seven-core fiber (SCF) shows its prospect on future application as one
typical multicore fiber [10,11]. Apart from the applications for communication, multicore
fiber has attracted a lot of attentions in the area of optical fiber laser and sensors. The
isometrically arranged cores in multicore fibers enable the light power to transfer to each
other, which generates the in-phase supermodes to achieve high beam quality in fiber lasers.
A SCF-laser with good beam quality was demonstrated and later was used for second
harmonic generation [12,13]. Meanwhile, the strong coupling of multicore fiber in which the
cores are close enough to form supermodes is demonstrated to be promising for high
temperature measurement [14] and accurate strain sensing [15]. For shape sensing, Jason P.
Moore realized complex three-dimensional fiber shape sensing by using tri-core fibers with
distributed Fiber Bragg Gratings (FBGs). A set of Frenet-Serret equations were numerically
solved to convert distributed curvature measurement into three-dimensional shape [16]. In
addition, twisted SCF with long continuous fiber grating sensor arrays can be utilized for
shape sensing. In this scheme, grating in outer cores and helical twist structure in SCF were
respectively sensitive to local bend and twist, which contributes to precise shape
reconstruction [17].

In this paper, we demonstrated a novel torsion sensor based on the inter-core mode
coupling effect occurring in SCF. The fiber torsion sensor was fabricated by tapering a SCF,
which is then spliced to the conventional single mode fibers (SMF) on both ends. The core of
SMF was aligned to the center core of SCF. Owing to the reduced distance between cores, the
inter-core mode coupling in the tapered fiber was enhanced, which is highly depending on the
torsion applied to the taper waist. The experimental results show that the torsion sensitivity
increases with the fiber twist, meaning that the response can be easily tuned by setting proper
pre-twist angle in practice. In the meantime, the rotation direction can be discriminated by
monitoring the red or blue shift of the spectrum. Furthermore, repeatable measurements based
on various batches of sensors but with identical dimensions show the similar performance in
terms of sensitivity and accuracy, signifying the good repeatability of the torsion sensor. The
experimental findings are explained theoretically in the end by adopting mode coupling
dynamics and theory of optical anisotropy in twisted fiber. This optical fiber torsion sensor
can find potential applications in civil and mechanical engineering.

2. Fabrication of optical fiber torsion sensor

The fiber torsion sensor was realized by splicing two single-mode fibers to a section of
tapered SCF on both ends. A CO, laser glass-processing machine (Fujikura, LZM-100) is
utilized to taper the SCF, a trench assisted multicore fiber from YOFC in China. Figure 1
shows the schematic drawing of the setup and the inset is the cross section of the SCF. Its
cladding diameter, core diameter and core pitch size are 150 um, 8 um and 42 um,
respectively. A taper structure is fabricated so as to strengthen the coupling between center
core and outer cores due to the smaller pitch size. Both the laser power and motors are
controlled by program. Thus, we can fabricate taper structure on SCF precisely with different
dimensions to obtain desirable spectrum. Typically, the deviation between the actual and
designed taper is less than 5 um.
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Fig. 1. Schematic drawing of the setup to taper the seven-core fiber using CO;, laser.

Since the core pitch becomes smaller after the SCF is tapered, the coupling between the
center core and outer cores can be enhanced, leading to obvious oscillation in the
transmission spectrum. To verify this, an optical spectrum analyzer (OSA, Yokogawa
AQ6370) and a Broadband Light Source (BLS) ranging from 1250 nm to 1650 nm were used
to observe the transmission spectrum. Since the mode coupling is highly dependent on the
taper dimension, including waist diameter, length and transition length [18], sensor samples
with different taper dimensions were investigated in order to achieve optimized taper
structure. We set the transition length as 5 mm and discuss the influence of waist diameter
and length on the spectra. Figure 2(a) and 2(b) plot the spectra of the sensor with different
waist diameters and lengths, respectively. Observed from the results, the spectral extinction
ratio increases when reducing the waist diameter, and the fringe spacing decreases with the
increase of waist length. In perspective of practical use, smaller waist diameter weakens the
strength of the taper, therefore, the waist diameter is chosen as 30 um for later torsion
measurement. The waist length is set to be 5 mm.
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Fig. 2. Transmission spectra of the torsion sensors with different (a) waist diameters and (b)
waist lengths.

3. Experiment and results

The experimental setup to measure the torsion based on tapered SCF is shown in Fig. 3. Same
OSA and BLS were utilized to monitor the spectrum. The tapered SCF was fixed on two
holders, one of which can be rotated axially with a precision of 0.1°. Accurate alignment
between the two holders was conducted to avoid any radial displacement during twisting. In
experiment, we initially placed two sections of SCF on the holders to do the alignment and
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then fixed the holders so that the offset error can be limited within just a few micrometers.
The twisting length between two holders was set to be 30 mm in order to cover the whole
taper region. The right-side holder was rotated precisely in clockwise and counter-clockwise
direction.

In the torsion sensing experiment, fiber twist angle varied from 0° to 900° with a step of
20° and the corresponding spectrum at each angle was recorded. The spectral resolution of the
OSA is 0.05 nm. One valley in the spectrum was chosen to trace the wavelength change with
torsion and the result is illustrated in Fig. 4, the inset of which plots the spectrum shift when
twisting the tapered SCF from 0° to 360°. From the results, the transmission spectrum shows
red shift with the increase of torsion angle. In addition, the wavelength shift increases

nonlinearly with the fiber twist, which means that the sensitivity of torsion sensor increases
during the fiber twist.
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Fig. 3. Experimental setup to measure the torsion angle based on tapered SCF.
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Fig. 4. Experimental results of the torsion angle measurement, including spectrum shift under
twisting angle from 0° to 360° and corresponding wavelength shift.
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3.1 Tunable sensitivity

Since the response of the torsion sensor is not linear, the sensitivity changes with the twisting
angle. However, relatively linear response can be obtained in short twisting range within 90°.
The tunable torsion sensitivity is characterized by pre-twisting the tapered SCF to different
angles, and the spectra of three measurement ranges with pre-twisting angle of 160°, 360°,
and 560° are plotted in Figs. 5(a)-5(c), respectively. From the results, we can see that with the
same twisting angle increase of 60°, the range with larger pre-twisting angle shows wider
wavelength shift. Figure 6 shows the torsion sensitivities in seven measurement ranges with
various pre-twisting angles, and the sensitivity can achieve as high as 1.00 nm/°. Therefore,
the sensitivity of the torsion sensor realized by the tapered SCF can be easily tuned by
introducing a proper pre-twisting angle.
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Fig. 5. Wavelength shift in transmission spectra when the sensor is rotated at a step of 20° in
three measurement ranges with pre-twisting angle of: (a) 160°, (b) 360°, and (c) 560°.
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Fig. 6. Torsion sensitivity of the torsion sensor based on tapered SCF in measurement ranges
with different pre-twisting angles.

3.2 Discrimination of twisting direction

To investigate the ability to discriminate the rotation direction, the tapered SCF was pre-
twisted to 360° and rotated in clockwise (C.W.) and counter-clockwise (C.C.W.) direction.
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The taper still follows the same dimension shown in Fig. 3. Figure 7 plots the measured
wavelength shift when twisting the sensor from 360° to 540° in clockwise direction and 360°
to 180° in counter-clockwise direction, corresponding to 2z in total. As illustrated from the
results, the twisting direction can be distinguished easily by monitoring the blue or red shift of
the spectrum, even though larger wavelength shift is observed in clockwise direction due to
the nonlinear response.
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Fig. 7. Measured wavelength shifts with respect to the torsion in C.W. and C.C.W. direction
using the tapered SCF with a pre-twisting angle of 360°.

3.3 Repeatability

In the experiments, the torsion measurements were repeated to estimate the accuracy by
fabricating three torsion sensors with the same dimension and by measuring the torsion three
times using one torsion sensor. Three sensors were fabricated by tapering the SCF into 30 pm
in diameter and the waist length as well as up/down-tapering lengths are 5 mm. Torsion
response for each sensor was characterized to show the fabrication repeatability. The results
are shown in Fig. 8(a), and good agreement is achieved for the three batches of the sensors.
This indicates that the performance of the torsion sensor based on tapered-SCF can be easily
repeated if the sensor dimension is kept the same, which is of great importance in the
perspective of mass production. Figure 8(b) demonstrates the measured wavelength shift with
respect to the torsion of three measurements using the same sensor. Both the largest errors in
terms of wavelength shift are 2 nm, meaning that the torsion sensor has a measurement
accuracy of about = 1° if taking the sensitivity of 0.85 nm/° into account.
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Fig. 8. Torsion measurement results achieved by (a) using three torsion sensors with the same
taper dimension, and (b) repeating the torsion measurement using one sensor.

4. Discussion

According to the mode coupling dynamics in SCF with identical seven cores [19], the mode
amplitude in each core at propagation distance z can be obtained when light is launched into
the center core. The output normalized mode power in center core can be expressed by:

I(z)= %+gcosz 71C2), (1)

where C is the mode coupling coefficient between two adjacent cores. The mode coupling
coefficient C is generally dependent on wavelength and RI of cores. In our case, the fiber
length is fixed while C is the variable under investigation. Thus, as for a specific distance z,
the output intensity from the center core has oscillation relationship with respect to
wavelength. Any change of refractive index would influence the coupling coefficient and
further cause corresponding wavelength shift in the transmission spectrum.

When the SCF is twisted along its longitudinal axis, shearing stress is generated and the
stressed region results in RI change. This kind of optical anisotropy is torsion dependent.
Stronger torsion induces larger shearing stress. J. Zubia et al gave a detailed theoretical
analysis of torsion induced optical anisotropy in plastic optical fiber and updated the index
ellipsoid [20]. Similar approach is adopted here and the updated RI in polarization state o and
f in a twisted fiber can be expressed as follows:

n,=n,+Aq-0-r-u-n, /2L, )
nﬂznm—Aqﬂ'r-,u-nf,/ZL, 3)

where n., and n,; are the uniform Rls of fiber core and cladding in the absence of torsion, Ag
is the element of stress-optical tensor; x4 is the shearing stress and r is the radial distance from
the center axis of the fiber; 6 is the torsion angle and L is the length of the fiber under twisted.

It can be seen that RI variation increases away from the fiber axis. In the case of twisted
SCF, the RI of outer cores shows more change than that in center core. Thus, we assume that
outer cores in twisted SCF experienced RI change while center core remain RI unchanged.
For inter-core mode coupling, since the index changes along two polarization states are
different, the coupling between the center core and outer cores is calculated separately. Based
on the orthogonality of two polarization states, the output intensity is then the sum of the
intensities in two polarization states. Thus, the output intensity in center core can be obtained
as:
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(2)=1,(2)+1,(z) = %+g[cosz (V7C,2)+cos*(V7Cy2)] = gcos[\ﬁ (C, +Cp)z] +§,
4)

where C, and Cy are the coupling coefficients between center core with 7., and outer cores
with 7, and ng. The torsion sensor we proposed is based on SCF with trench assisted, in which
the mode coupling has been theoretically analyzed in [21] and the mode coupling coefficient
C, and C; can thus be expressed as:

_ D
k(njt,ﬂ _ncl)VVl aﬂUI qq ZW exp(_VVI—q T)
C — 1-q I-¢
a.p
NIV (A A A (S YA (/)
W, P-P+Y, -Y P,-P+Y,-Y)D
[ gy Uy [t - BB T oy (B Py,
0 T,y a., D-r D—r
)

where & is the wave number; D is the pitch size; P and Y are the parameters relevant to the
ratio between core diameter and pitch size; g represents the center core. According to the
optical anisotropy theory in twisted fiber above, torsion angle variation directly results in the
change of n, and ng. Thus, it is acceptable that the coefficient C, and Cg, which is directly
related to 7,4, can be simplified as & n’?, 4 in the following analy51s on the inter-core mode
coupling dependence on torsion angle.

Generally, for torsion measurement, one valley in transmission spectrum was monitored
with fiber twist and its corresponding wavelength was traced. For the m” valley, the
wavelength monitored satisfies:

[C,(4,)+Cy(A))z" = 2m+ D)z, (6)
where 4,, denotes the wavelength at the monitored valley and z” is used to substitute V7z for
simplification in later expressions. Using the simplified mode coupling coefficient, the
monitored wavelength 4,, can be expressed as:

27
l — 3/2 3/2 7
" 2m+l( ” ) M

where 7, and 7y are RlIs of two polarization states in outer cores under torsion. To discuss the
sensitivity performance, the derivative with respect to @ is applied to both sides of Eq. (7),
which is formulated by:

dAa, 27 dnﬂ
8
dé 2m+1 2 \/7 ®

Based on Eq. (2) and (3), assuming n, =ng, the sensitivity can be finally expressed as follows:

dA 3\/52' n
2 Ag-r-p-—Ly"? .0, 9
06 = ama ey e 2

where z’, m, Aq, r, 1, L, n,; are constants with fiber twist. Equation (9) reveals that torsion
sensitivity is proportional to the square root of torsion angle and thus increases with fiber
twist. Also, it can be intuitively understood that when there comes to the torsion along
straight fiber, the twisted region will suffer from high-level tension, which consequently
makes the fiber become increasingly sensitive with torsion angle. Moreover, the
experimentally achieved sensitivity with respect to the torsion angle is fitted by using Eq. (9),
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which shows good agreement as shown in Fig. 6. For the twisted optical fiber cores, we
assume the refractive index change induced by torsion to be on = 107*-107, which also makes
sure that n, =ng. In Eq. (3), the value of refractive index change dn was related to 4q, 0, r, 1,
L, n.. Taking their typical values Ag~10"" m’/N, r = 42 um, u~2-10° N/m’>, L = 30 mm,
n.~1.44 [22], the torsion range turns out to be 60 = 200°-2000°. Thus, Eq. (9) is theoretically
valid for the torsion angle range of 200°-2000°. This also agrees well with the experimental
results above. Additionally, the relationships between the measured wavelength and the
twisting angle shown in Figs. 4 and 8 are fitted via the integral function of Eq. (9), and as a
consequence, both results manifest good agreements.

In summary, our torsion sensor owns tunable sensitivity from 0.12 nm/° to 1.00 nm/°
within large twist range from 160° to 940° and the ability to discriminate the twist direction
with stable performance. In terms of the mechanical strength during practical applications, the
sensor can be packaged properly to avoid sharp bending, and in the meantime to ensure only
axial twist occurs during the measurement. For current torsion sensors, different operation
principles were proposed and various special optical fibers were utilized, such as polarization
and fiber loop mirror based on suspended twin-core fiber (TCF). In terms of sensitivity, twist
range, mechanical strength and ease of fabrication, of which the levels are determined by the
fiber used and fabrication process, the comparison between our torsion sensor and other
sensors are shown in Table 1. In addition to the comparable torsion sensitivity with other
types, our sensor shows larger measurement range, and in the meantime, it is easy to fabricate
with good mechanical strength.

Table 1. Comparison between our torsion sensor and other sensors

Type Sensitivity Range Mechanical Eqs ¢ o.f .DifecF ioq
strength fabrication Discrimination

Our sensor 0.12-1.00 nm/° 160°-940° High Easy Yes

LPG [3] 2.80 nm/® 0°-160° High Hard No

S1[4] 3.25 nm/° 180°-270° Medium Normal No

Helical MCF [5] 3.90 nm/° 0°-180° Low Hard Yes
FBG-PDL [23] 0.955 dB/rad 0°-180° Medium Normal -
Suspended-TCF [24] 1.2:102 dB/° 0°-90° Medium Hard -

5. Conclusion

In this paper, we demonstrated a novel torsion sensor based on the mode coupling between
center core and outer cores in a tapered SCF. To obtain desired spectrum for sensing, several
torsion sensors were fabricated to optimize the sensor dimension in terms of the taper waist
diameter and length. The torsion angle measurements employing this torsion sensor were then
conducted in several ranges with different pre-twisting angles. As a result, the sensitivity was
observed to increase with fiber twist and achieved as high as 1.00 nm/°, which is verified as
well by the theoretical analysis. The measurement range with higher pre-twisting angle shows
larger sensitivity, which allows it to work in desired sensitivity by properly pre-twisting the
sensor. Moreover, the clockwise and counter-clockwise twisting can be easily discriminated
by monitoring the red/blue shift of the spectrum owing to the monotonic response. Good
repeatability to reproduce the torsion sensors using same parameters to conduct the
measurements based on them is achieved. The measurement accuracy is estimated to be + 1°.
It is easy to fabricate the proposed torsion sensor, which possesses a number of advantages
such as robustness, good repeatability and stability, immunity to electromagnetic interference
etc., which will be a potential candidate in the applications of structural health monitoring.
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