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Abstract—We explore the use of uncoupled multi-core fibers
employed for telecommunications as a technological platform
for implementing polarization-based distributed twist sensors.
Through polarimetric-optical frequency domain reflectometry
we assess the twist-induced birefringence along the cores of an
uncoupled four-core fiber. By applying controlled twist, we show
that the elasto-optic coefficient in each core is consistent with
the value reported for single-mode fibers, and that the cores
experience the same birefringence variations in response to the
applied twist. Moreover, we leverage the distinctive birefringence
properties of unspun uncoupled multi-core fibers to achieve
long-range twist sensing, showing that the measured twist is
in excellent agreement with the applied one even when the
perturbed fiber location is 500-m away from the source. We
achieve a remarkable accuracy of 4 degrees in measuring the
angle by which the fiber is twisted, with a spatial resolution of
8 cm. These results support the potential of uncoupled multi-core
fibers to realize twist sensors that are relevant for applications
such as umbilical cable monitoring.

Index Terms—Twist, sensing, uncoupled multi-core fiber, dis-
tributed sensors, polarization-based distributed sensors, spin,
birefringence.

I. INTRODUCTION

IN recent years, optical fiber sensors (OFSs) have attracted
increasing research interest due to their unique advantages

compared to conventional sensors, including resistance to
harsh environmental conditions, flexibility, small size, and
immunity to electromagnetic interference [1], [2]. Among
the different types of OFSs, distributed optical fiber sensors
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(DOFSs) enable continuous lengthwise measurements of phys-
ical parameters, such as temperature and strain [3], [4]; this
feature is unparalleled by any other sensing technologies.
To achieve distributed measurements, DOFSs leverage one
of the scattering processes occurring in optical fibers, i.e.,
Brillouin, Raman, and Rayleigh scattering. While the majority
of DOFSs are based on observing variations of either ampli-
tude, frequency, or phase of the backscattered light, a less
explored yet equally promising DOFS implementation relies
on the observation of the state of polarization (SOP) of the
backscattered light. The working principle of polarization-
based DOFSs is based on the fact that any slight perturbation
breaking the cylindrical symmetry of the fiber manifests in the
form of birefringence, causing polarization variations in the
propagating light [5], [6]. By measuring the SOP variations
along the fiber, one can retrieve quantitative information on
local perturbations; this concept has been successfully applied
in Refs. [7]–[9], where the SOP variations of the Rayleigh
backscattered light along single-mode fibers (SMFs) have
been determined using the polarization-sensitive reflectometry
technique. Notably, the SOP of light is not only sensitive to
temperature and strain but it also exhibits the unique capability
of being sensitive to twists [10], magnetic fields [11], and
electrical currents [12]; thereby, enabling a wider range of
potential applications.

Despite its unique capabilities, distributed polarization sens-
ing (DPS) has not yet found widespread commercial applica-
tions. One of the factors hindering DPS is due to the common
practice of spinning SMFs to mitigate the effect of polarization
mode dispersion in optical communication systems [13], [14].
The spinning process can be described by a function that
defines the fiber rotation angle – as a function of distance
– while it is drawn. It has been shown that spin functions
with variable spin rates, such as sinusoidal functions, are
more effective in reducing polarization mode dispersion [15];
yet, variable spin rates give rise to a peculiar SOP evolution.
Specifically, when the spin rate is at its maximum, the SOP
undergoes fast and faint oscillations, whereas when the spin
rate is close to zero, the SOP rotates around the birefringence
vector, as commonly occurs in unspun fibers. On the one
hand, this SOP evolution is beneficial for reducing the average
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birefringence strength in optical communication systems; on
the other hand, it poses a challenge for DPS because a high
spatial resolution and SOP accuracy are required to track the
evolution of the local birefringence vector. For this reason,
DPS is commonly implemented with optical frequency do-
main reflectometry (OFDR) to achieve high spatial resolution,
typically in the order of a few micrometers, at the expense of
a limited measurement range of a few tens of meters [16].

Recently, new classes of optical fibers have been developed
in the context of spatial-division multiplexed transmission sys-
tems [17], [18]. This made multi-core fibers (MCFs) become a
widely accessible technology, providing new opportunities for
sensing applications. Uncoupled MCFs offer two significant
advantages for DPS. First, uncoupled MCFs are typically
not spun because the spinning process would lead to an
undesirable increase in core cross-talk. Second, uncoupled
MCFs have been shown to exhibit remarkable uniformity
and regularity – both in modulus and orientation – of the
birefringence vector [8], making them well-suited for DPS. We
remark that the above-mentioned MCFs are the standard ones
designed for telecommunication purposes, easily drawable for
kilometers [17], and already deployed in field trials [18]. Up
until now, a few kinds of twist sensors also based on MCFs
have been proposed. Yet all of the proposed solutions either are
not able to perform a distributed measurement or employ non-
telecom grade fiber, designed on purpose. For example, Refs.
[19]–[21] report point sensors based on custom-made MCFs.
Ref. [22] describes a twist sensor based on long-period grating
inscribed into a special helically polished fiber. Finally, Refs.
[23] and [24] report distributed twist sensors that however use
very special MCFs drawn with a spin period below 1 mm.

In this work, extending a preliminary analysis reported
in Ref. [25], we show that uncoupled MCFs employed for
telecom applications can be used as a promising technological
platform for implementing polarization-based distributed twist
sensing. Specifically, we conduct polarization-sensitive OFDR
measurements to determine the twist-induced birefringence
along the cores of an uncoupled four-core fiber (U4CF). By
applying a controlled twist to the fiber, we show that the
elasto-optic rotation coefficient of each core is consistent
with the previously reported value for SMFs. Moreover, we
demonstrate that the measured twist matches the nominally
applied one even when the U4CF is perturbed at a distance
of 500 meters from the source. The angle by which the
fiber is twisted can be measured with a remarkable accuracy
of 4◦ and with a spatial resolution of 8 cm. The achieved
performance makes U4CF a promising technological platform
for applications in fields such as umbilical cable monitoring
and robotics [23].

The paper is organized as follows. Section II elaborates on
the twist effects on UMCFs. Section III reviews the prin-
ciple of twist measurements using the polarization-sensitive
reflectometry technique. Section IV presents the experimental
setup used in this work. Section V assesses and discusses the
performance of the sensor over different twist combinations.

Fig. 1. Schematic cross-section of U4CF showing the arrangement of the
cores.

II. TWIST EFFECTS ON UNCOUPLED MULTI-CORE FIBERS

In contrast to SMFs, where the core is centered on the
fiber axis, cores in a MCF are symmetrically arranged around
the fiber axis. Therefore, to develop a twist sensor based on
MCFs, it is crucial to understand the effect of twist on the
field propagating in the offset cores, as well as the impact of
twist on the birefringence of each offset core.

To determine the stress field induced on the cores due to
twist, we rely on coupled mode theory [26], [27]. In each
core, the evolution of the complex amplitude, aµ, of a specific
mode µ propagating along the z-axis is governed by the
equation

daµ
dz

= −jCµaµ(z)− j
∑
ν

Kµ,ν(z)aν(z) , (1)

where Cµ is the propagation constant of mode µ, and Kµ,ν

denotes the coupling coefficients influenced by perturbations
acting on the core. These coefficients can be determined
through the integrals [26]

Kµ,ν =
ω

4

∫∫
E∗

µ(x
′
t)δϵ(x

′
t, z)Eν(x

′
t)dx

′
t , (2)

where δϵ(x′
t, z) is a 3 × 3 matrix denoting the perturbation

term added to the dielectric tensor of the ideal fiber core to
obtain the perturbed one; the vector x′

t defined as

x′
t =

[
x′

y′

]
=

[
x− x0
y − y0

]
, (3)

spans the fiber section and provides the position of a generic
core relative to the fiber axis (see Fig. 1). The vectors Eµ(x

′
t)

and Eν(x
′
t) denote the transverse components of electric

fields for modes µ and ν, respectively. When a core is twisted
by an angle ψ(z), shear stresses are applied to the silica
material, resulting in an elasto-optic effect that introduces a
perturbation δϵtwist in the permittivity tensor that can be written
as [15], [27]

δϵtwist(xt, z) = ϵ0n
2
avgτ(z)

 0 0 −y
0 0 x
−y x 0

 , (4)

where ϵ0 is the vacuum permittivity, nav denotes the average
refractive index, g ≃ 0.144 is the elasto-optic coefficient [28],
and τ(z) = dψ/dz is the applied twist rate. Interestingly, due
to the symmetries inherent in the fundamental modes, direct
inspection of Eq. (2) indicates that the offset positions of the
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cores do not contribute to the value of Kµ,ν . Consequently,
although the stress field induced by twist is not uniform, its
electromagnetic impact on the cores remains independent of
their positions. This means that the effect of the twist on
each core is the same as that observed in SMFs; it consists
in the rotation of the core intrinsic linear birefringence by
the twist angle ψ and in the generation of torsional-stress
circular birefringence proportional to the twist rate applied τ ,
according to −gτ .

To understand the impact of twist on the birefringence of
each core, we can rely on the following geometrical consider-
ations. When the UMCF is twisted, the cores follow a helical
trajectory; therefore, the torsion of the helix is in principle
different from that applied to the fiber axis. Nonetheless,
the distance from the fiber axis to a specific core, r, is
many orders of magnitudes smaller than the helix pitch, p,
induced by twist; typical order of magnitudes are micrometers
and centimeters, respectively. Therefore, the torsion of the
helix, p/(r2 + p2), can be very well approximated by 1/p,
which corresponds to the actual twist applied to the fiber.
Consequently, each core of the MCF undergoes the same
variations of the local birefringence angle in the presence of
a twist.

It is worth mentioning that while in this section we focus
on the twist effects, in practical scenarios, the fiber is subject
to both twist and bending. However, the effect of bending
on birefringence has been shown to be negligible, except for
bending radii smaller than a few centimeters [9], [29]. Such
tight bends are not common, especially in applications like
twist monitoring of umbilical power lines, where the inherent
rigidity of the cable prevents extreme bending. Consequently,
the effect of bending can be safely neglected in our analysis.

III. POLARIZATION-RESOLVED TWIST MEASUREMENTS

A practical approach to measure the local birefringence
variation induced by twist is polarization-sensitive reflectom-
etry. However, the polarization of the backscattered light
is not directly related to the local properties of the fiber;
instead, it is affected by the entire round-trip propagation [16].
Consequently, an inverse scattering problem must be solved
to extract information about the local birefringence. In this
section, we recall the key points of the technique, while
referring the reader to Refs. [7], [30] for a comprehensive
discussion.

The evolution of the SOP, ŝ(z), in a generic core can be
described as dŝ/dz = β̄ × ŝ, where β̄(z) denotes the bire-
fringence vector that we aim to measure. The vector β̄(z) can
be expressed as β̄(z) = (βL cos 2θ, βL sin 2θ, βC)

T , where
the first two components are the linear part of birefringence,
and βC is the circular birefringence, which is only due to the
twist (Faraday rotation apart [16]). In the above expression,
θ(z) denotes the cumulative rotation of birefringence up to
the position z, which can be due to both the intrinsic random
orientation along the core and the deterministic effect of twist.

As anticipated, a polarization-sensitive reflectometer mea-
sures the backscattered SOP, ŝB(z), whose evolution is gov-

erned by the equation

dŝB
dz

= β̄B(z)× ŝB(z) . (5)

where β̄B(z) is the round-trip birefringence. Analogously to β̄,
β̄B is also affected by the perturbations applied to the fiber, yet
the relation between the two quantities is not straightforward.
It can be shown that β̄B(z) = 2B(z)β̄A(z) [16], where the
factor 2 accounts for round-trip propagation, B(z) denotes
the Mueller matrix representing backward propagation from
a position z to the fiber input, and β̄A(z) is the so-called
”apparent” birefringence, which is related to the ”real” local
birefringence of the core β̄. The apparent birefringence can be
written as [28]

β̄A(z) = βL(cos 2ϕ, sin 2ϕ, 0)
T , (6)

ϕ(z) = θ(z)− 1

2

∫ z

0

βC(u)du ,

showing that the circular birefringence induced by the twist is
measured by a polarization-sensitive reflectometer as an appar-
ent rotation of the linear part. Eq. (6) is the core of DPS-based
twist measurements. Note that, to extract information about the
twist, the angle θ(z) must be known; it can be obtained by
performing a reference measurement at the beginning of the
sensing session.

Based on the above theory, we determine the angle by which
the fiber is twisted as follows. We measure the backscattered
SOP ŝB , with a polarization-sensitive reflectometer. Next, we
compute the round-trip birefringence β̄B ; this step can be
achieved by probing the fiber with at least two input SOPs
and estimating β̄B with known algorithms [31], [32]. Then,
we compute the Mueller matrix of the backward propagation
by numerically solving the differential equation

dB

dz
=

1

2
· β̄B(z)×B(z) , (7)

and we calculate the apparent birefringence as

β̄A(z) =
1

2
·BT (z) · β̄B(z) , (8)

from which the angle ϕ(z) can be determined. When the fiber
is twisted by an angle ψ(z), the deterministic effect of twist
adds up to the intrinsic random rotation of birefringence, θ(z),
as [28]

ϕ(z) = θ(z) +
(
1− g

2

)
ψ(z) , (9)

so we determine ψ(z) by removing the angle θ(z), which
is obtained from the reference measurement without induced
twist. Fig. 2 shows an example of the components of the
apparent birefringence vector (β̄A) measured in one of the
cores of the MCF when this fiber was deployed almost straight
on the floor. As expected from the theoretical model, the third
component is almost zero, confirming the good quality of
the measurement. At the same time, the linear component of
the β̄A (i.e., the first two elements of the vector) shows a
random variation. Correspondingly, Fig. 3 shows the modulus
and angle of this linear component; both quantities have a
rather regular behavior, quite different from that of SMFs
where typically the modulus is Rayleigh distributed and the
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Fig. 2. Apparent birefringence vector components of one of the cores of the
U4CF.

angle varies as a Wiener random process [10]. This difference
is the main reason why DPS measurements are effective in
MCFs.

The twist range of this technique depends on the ability to
measure the spatial variation of the backscattered SOP; hence,
it depends on the spatial resolution, δz, and the birefringence
strength, β. This dependence is non-trivial, and details can
be found in Ref. [33]. However, when the spatial resolution is
much smaller than the beat length, LB = 2π/β, the maximum
measurable twist rate is approximately equal to

τmax ≈ π

2δz
. (10)

IV. EXPERIMENTAL SETUP

To obtain the backscattered SOP, ŝB(z), along the core
of the U4CF, the interrogation setup must set the SOP of
the probe light without affecting the SOP of the backscat-
tered light. This can be achieved through the setup shown

Fig. 3. (a) Modulus and (b) angle of linear component of apparent birefrin-
gence in one of the cores of the straight fiber.

Fig. 4. Experimental setup for backscattered SOP measurements. The U4CF
is probed (a) directly, and (b) after propagating over 500 m of SMF.

in Fig. 4(a), which consists of a commercial OFDR (Luna
OBR 4600), two circulators, and a polarization controller to
set the desired SOP of the probe light. An optical switch is
employed to select a specific core of the U4CF and a fan-in
device (Optoscribe; 3D Optofan series) is used to couple the
switch outputs to the cores. The time needed to perform the
measurement is mainly determined by the OFDR scan, which
is several orders of magnitude longer than the switching time
of the fan-in device. Nonetheless, it should be noted that each
core experiences the same twist; therefore, if speed is the
main concern, the measurement can be limited to one core.
The fiber under test has a core pitch of 40µm and the cores
are arranged at the vertices of a square; further specifications
about the fiber can be found in Ref. [17]. In principle, as
stated in Section III, it is sufficient to probe the cores with
two different input SOPs to estimate β̄B(z); however, in our
experiment, we launch four different input SOPs to increase
the accuracy of the estimate [34]. We investigate the sensor
performance over the two experimental configurations shown
in Figs. 4 (a) and (b), differing in the total length of the
fiber link. In the first configuration [Fig. 4(a)], the 7-m-long
U4CF fiber is probed directly; in this case, the OFDR scans
a bandwidth of 43 nm around 1550 nm, yielding a spatial
resolution of about 20 µm. In the second configuration [Fig. 4
(b)], the U4CF is probed at a distance of 500 m from the
OFDR source to investigate the performance in a more realistic
scenario. Due to the lack of a sufficiently long U4CF sample
in our laboratory, we insert a 500 m-long G.652 standard SMF
between the OFDR source and the fan-in connecting the switch
with the U4CF. Note that this choice does not compromise
the validity of the analysis since the objective is to investigate
the sensor performance with a coarser spatial resolution of
the OFDR measurement, regardless of which fiber – SMF
or MCF – connects the interrogation setup with the U4CF.
With the 500 m-long fiber inserted, the limitations posed by
the laser coherence length force the OFDR system to scan
a narrower bandwidth of 0.8 nm, namely 50 times smaller
compared to direct probing; yielding a spatial resolution of
about 1 mm. The maximum theoretical length is dictated
by the dynamic range of the specific OFDR device used to
perform the measurements, which is 2 km for the device
used here. Longer distances can be potentially achieved with
phase-compensated OFDR or P-OTDR; in this case, however,
the effect of the cumulated PMD should also be taken into
consideration.
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Fig. 5. Variations in the orientation of the birefringence vector with respect to
the reference measurement for all the cores of the U4CF. The measurements
have been performed with the setup shown in Fig. 4(a). The legend indicates
the number of turns applied to the fiber at the position z = 37.3 m; ”+” rep-
resents clockwise rotation, and ”-” represents counterclockwise rotation. The
plotted curves accurately capture the local twist applied to the fiber.

V. RESULTS AND DISCUSSION

To validate that the elasto-optic coefficient, g, of each core
is consistent with the one of SMFs, and that the offset cores
experience the same variation of local birefringence when twist
is applied (see Section II), we conduct the following experi-
ment. We consider the setup shown in Fig. 4(a), and deploy the
U4CF along a straight path; in this unperturbed configuration,
we measure the random orientation of birefringence along the
cores, serving as a reference for subsequent measurements.
Next, we fix the fiber in two points, 3 meters apart, and apply
a controlled twist by rotating the fiber around its axis at a
point between the two fixed ones. We measure the local bire-
fringence while varying the number of turns from −2 to 2 in
increments of 0.5. The results of this experiment, calculated
assuming g = 0.144 for each core (as in SMF [16]), are shown
in Fig. 5. The plotted curves accurately track the local twist
applied to the fiber. The triangle-shaped curves are due to the
fact that the fiber sections before and after the point where
the twist is applied, i.e., z = 37.3 m, undergo rotations with
different twist rate, ranging from 3.15 to 12.6 rad/m, and with
opposite helicity. To obtain the results shown in Fig. 5, the
backscattered SOP has been low-pass filtered so to increase
the signal-to-noise ratio by reducing the impact of Rayleigh
fading noise (see Section 3.2 in Ref. [4]); such filtering process
worsen the spatial resolution from 20 µm (given by the OFDR
measurement) to 6 cm, which is the effective spatial resolution
after data analysis. The spatial resolution can be improved by

Fig. 6. Variations in the orientation of the birefringence vector with respect to
the reference measurement when two twists with same amplitude but different
directions are applied to the U4CF; (a) when the fiber is probed directly,
and (b) after propagating 500 m from the source. The twists applied at the
positions [referring to (a)] z1 = 34.9 m and z2 = 37.8 m, respectively, are
specified in the legend.

adjusting the filter parameters, which, however, also affect the
SNR value. Thus, a compromise between the accuracy and the
SNR has to be maintained. According to Eq. 10, given that
β ≈ 2.5 rad/m (see Fig. 3(a)), a spatial resolution of 6 cm
yields a maximum measurable twist rate of about 26.2 rad/m.

To demonstrate the feasibility of distributed twist measure-
ment at long range, we compare the sensing performance
between the setup configuration shown in Fig. 4(a) and (b).
In this experiment, the fiber is fixed at three points each
separated by about 2.5 m, and we apply two twists, equal in
amplitude but opposite in direction. The results are shown in
Fig. 6, where we plot the results for a single core only since,
as demonstrated above, the other cores experience analogous
local birefringence variations.

Remarkably, the results show that the local twist applied
to the fiber can be obtained, both when the fiber is probed
directly [Fig. 6(a)] and when it is probed after propagating
over 500 m of SMF [Fig. 6(b)]. The effective spatial resolution
after filtering the SOPs is of 6 cm and 8 cm for the short and
long configuration, respectively, corresponding to maximum
measurable twist rates of 26.2 rad/m and 19.6 rad/m. The
oscillations in the curves of Fig. 6(b) are due to the poorer spa-
tial resolution of the measurements, which results in a lower
accuracy when applying numerical integration algorithms in
the data analysis. Nonetheless, the measured twist is well in
agreement with the one applied to the fiber.

Figure 7 shows the sensor performance when the ap-
plied twists have both different amplitudes and different
directions; the following combinations of twists are ap-
plied: 1 and 0 turns, 2 and −1 turns, −1.5 and −0.5
turns, −0.5 and 1 turns. The results show accurate detection
of the induced twist for both configurations.

To determine the noise floor of the sensor, we deploy the
fiber in a straight path while minimizing the induced twist.
Next, we perform repeated measurements of the backscattered
SOP at different time instants. We consider as a reference the
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Fig. 7. Variations in the orientation of the birefringence vector with respect
to the reference measurement when two twists with both different amplitude
and different directions are applied to the U4CF; (a) when the fiber is probed
directly, and (b) after propagating 500 m from the source. The twists applied
at the positions z = 34.9 m and z = 37.8 m, respectively, are specified in
the legend.

average birefringence orientation computed as

ϕ̄(z) =
1

N

N∑
n=1

ϕn(z) (11)

where N is the number of repeated measurements. We use this
reference angle to compute the birefringence variations for the
subsequent measurements; in these settings, any variation of
the local birefringence orientation can be attributed to noise.
The results of this analysis for an ensemble of six measure-
ments are shown in Fig. 8, where we plot the probability
density function (PDF) of the noise signal when the fiber
is probed directly (dashed blue line) and after propagating
through the 500-m-long link (dashed red line). The standard
deviations are 0.003 and 0.011 turns for direct probing and
long-range probing, respectively. As expected, the long-range
setup configuration leads to a higher noise floor value with an
increase of 0.008 turns, i.e., about 3◦. Nonetheless, the sensor
enables detecting rotation variations as low as 4◦, which is
relevant for many applications.

It is also interesting to evaluate the repeatability of the
measured twist; to achieve this, we proceed analogously to
the above analysis, but with the fiber twisted as in the config-

Fig. 8. Probability density function of the noise floor of the sensor evaluated
for the configurations shown in the legend. The curves are obtained analyzing
an ensemble of 6 measurements.

uration shown in Fig. 6 with 1.5 turns in the positive direction.
In this case, the standard deviation values are approximately
0.004 and 0.012 turns, for the direct probing (yellow solid
line in Fig. 8) and long-range probing (purple solid line),
respectively. The increase in the standard deviation in the
twisted fiber can be attributed to the twist itself, which causes
a faster variation of the SOP, bringing the measurement closer
to the spatial resolution limit. Still, as before, the noise floor
value increases by a low value of about 3◦ across the two
configurations.

This uncertainty can be imputed mostly to measurement
noise, including Rayleigh fading noise. Other possible sources
of uncertainty could, in principle, be a drift with respect to
the reference. In particular, one source of drift could be a
variation of birefringence not related to twist, such as, for ex-
ample, bending. Nevertheless, since the bending birefringence
is proportional to the square curvature [9], [29], it is sufficient
to keep bending radii above some centimeters to avoid this
effect.

A possible second source of drift is the temperature depen-
dence of the elasto-optic coefficient g. However, according
to Ref. [35], the temperature coefficient can be estimated in
dg
dT ≈ 1.8 × 10−4K−1. This means that even a variation of
a few tens of Kelvins would induce a drift that is negligible
compared to the noise floor of the measurement.

VI. CONCLUSION

We investigated the performance of distributed twist sensing
over standard uncoupled multi-core fibers deployed for tele-
com applications. In contrast to standard single-mode fibers,
uncoupled multi-core fibers are not spun to avoid increasing
the core crosstalk. For this reason, they offer interesting bire-
fringence properties. Through polarization-sensitive OFDR,
we demonstrated that twist-induced birefringence can be ac-
curately measured along the cores of the U4CF. By applying
a controlled twist to the fiber, we determined that elasto-
optic rotation coefficient of each core is consistent with the
one known in the literature for SMFs. We also showed that
the cores experience the same variations in birefringence in
presence of twist. Throughout the experiments, we considered
two setup configurations differing by the fiber link length. The
first setup probes the U4CF directly, and the second setup
interrogates the U4CF that is 500 m away from the source
along the probed path, so as to investigate the possibility of
long-range twist sensing. In the latter case, the OFDR operated
with a scan bandwidth 50 times smaller compared to the short
configuration, while still enabling to recover the nominally
applied twist with an accuracy of 4◦ in the angle by which the
fiber is twisted and a spatial resolution of 8 cm. The proposed
UMCF-based twist sensor stands as a reliable solution for
applications like umbilical cable monitoring, where the ability
to accurately monitor twists along a cable is crucial to avoid
cable failure.
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