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In this Letter, we demonstrate a compellingly simple direc-
tional bending sensor based on multicore optical fibers
(MCF). The device operates in reflection mode and consists
of a short segment of a three-core MCF that is fusion spliced
at the distal end of a standard single mode optical fiber. The
asymmetry of our MCF along with the high sensitivity of
the supermodes of the MCF make the small bending on the
MCF induce drastic changes in the supermodes, their
excitation, and, consequently, on the reflected spectrum.
Our MCF bending sensor was found to be highly sensitive
(4094 pm/deg) to small bending angles. Moreover,
it is capable of distinguishing multiple bending orienta-
tions. © 2016 Optical Society of America

OCIS codes: (060.2370) Fiber optics sensors; (060.4005)
Microstructured fibers; (120.3180) Interferometry; (060.2280) Fiber
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The continuous monitoring of the verticality (or horizontality)
of buildings, towers, bridge piles, and many other infrastruc-
tures is important to assess their structural health. For such ap-
plications bending or inclination sensors that are highly
sensitive and that can resolve small bending angles are desirable.
In addition, bending sensors must be compact, simple, accu-
rate, reliable, and, ideally, they must have the capacity to dis-
tinguish the bending or inclination orientation. The optical
fiber sensor community has long been striving to achieve bend-
ing sensors with such features. However, we believe that no
such fiber optic bending sensor currently exists that delivers
all or most of the aforementioned requirements.

Bending (tilt or inclination) sensors based on fiber Bragg
gratings (FBGs) have been demonstrated in different configu-
rations, see for example [1-5]. In general, FBG-based bend sen-
sors exhibit low sensitivity for small angles and typically require
additional reference sensors. Directional bending sensors based
on long-period gratings (LPGs) [6—12] are highly sensitive, but
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in most cases their sensitivity to the medium that surrounds the
LPG is an issue as it can compromise the sensor performance.
Some interferometric bending sensors [13—16] that have been
proposed until now are highly sensitive, but they tend to be
more complex. Other bending sensors based a conventional
fibers codify the bending angle on intensity measurements
[17-19]. The disadvantage in this case is the need of compen-
sation mechanisms and the impossibility to distinguish the
bending orientation.

Specialty optical fibers such as photonic crystal fibers (PCF)
and multicore optical fibers (MCF) offer new possibilities to
develop bending sensors [20-29]. The disadvantages of the
PCF bending sensors include low reproducibility and high in-
sertion losses [20-24]. Bending sensors based on MCFs
with isolated cores [20,25-27] require complex fabrication set-
ups or interrogation systems, while those based on symmetric
coupled-core MCFs cannot distinguish the bending orientation
[28]. Sensors based on asymmetric MCFs are direction sensi-
tive, but their fabrication may entail a multistep process [29].

In this Letter, we report on a simple interferometric bending
sensor based on a MCF consisting of three strongly coupled
cores, see Fig. 1. One of the cores is located at the center of
the MCF which simplifies the splicing with a conventional
single mode optical fiber (SMF).

To fabricate our device, a short segment of the MCF was
fusion spliced at the distal end of a standard SMF. After the
splicing, the MCF was cleaved so that its end facet acted as
a low-reflectivity mirror. The bending sensor reported here
has important features which include compactness, ultra high
bending angle sensitivity (theoretically up to 6000 pm/ deg),
operation in a small angle region (£1°), and the capability to
distinguish multiple bending orientations. Therefore, we be-
lieve that our device overcomes the main limitations of the ma-
jority of fiber optic bending sensors reported until now.

The MCF used in our experiments was fabricated using the
well-established stack and draw method. The diameter of the
MCEF cores is 9 pm, the separation between the cores (pitch) is
11 pm, and the MCF diameter is 120 pm. The MCF was
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Fig. 1. Sketch of a multicore optical fiber (MCF) interferometer used
as a bending sensor. Its interrogation comprises a superluminescent emit-
ting diode (SLED), a fiber optic circulator (FOC), and a spectrometer.
The micrograph shows the cross section of the MCF used in the experi-
ments. / and d are, respectively, the distance from the fixing point to the
point where the MCF is bent and the displacement of the stage. The
arrows in the image indicate the four points where the MCF was bent.

fabricated from Ge-doped silica, the difference in refractive in-
dices between core and cladding (A7) was 7 x 107 and each
core had a numerical aperture (NA) of 0.14. Our MCF sup-
ports three polarization degenerate supermodes, see Fig. 2. The
simulations shown in the figure were calculated for 1550 nm
with the finite difference method using commercial waveguide
software (FimmWave by Photon Design).

It is important to point out that the NA of our MCF
matches that of a standard SMF (which is also 0.14). This,
combined with the similar dimensions of our MCF and the
SMF, makes the splicing simple and reproducible. To splice
our MCF and the SMF. we used the default program for splic-
ing single mode fibers set up in a commercially available splic-
ing machine (Fujikura FSM 1002 + ) with the only difference
being that we used the cladding alignment method. The splice
loss in our case was ~0.1 dB.

The working mechanism of our interferometer is simple.
The fundamental mode of the SMF excites supermodes in
the MCF [29] which propagate along the MCF and are reflected
back from the cleaved MCF end into the SMF. The interference
between the MCF supermodes gives rise to a periodic coupling
of the power back into the SMF core. The modes excited in the
MCEF have different propagation constants which depend on the
wavelength of the optical source. Thus, the MCF acts in a sim-
ilar manner to a directional coupler [28,29]. Therefore, the re-
flected spectrum of our interferometer is expected to exhibit
periodic maximums and minimums. However, by using a short
segment of MCF (16 mm in our case), the spectral period of the
interference pattern will be large, as shown in Fig. 3, where only
one minimum can be seen at about 1565 nm. The spectra
shown in Fig. 3 were obtained by launching light from a low-
power superluminescent emitting diode (SLED) (Safibra s.r.0.)
centered at 1550 nm to the MCF by means of a fiber optic

Fig. 2. Simulated mode profiles of the three polarization degenerate
supermodes supported by the three-core MCF shown in Fig. 1.
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Fig. 3. Interference patterns observed when the MCF was bent in the
+y direction (top graph) and the -y direction (bottom graph). All angles
are given in degrees. The inset drawings show the points where the MCF
was bent. The vertical dotted line shows the position of the spectra when
the MCF is straight. The length of MCF was 16 mm in all cases.

circulator. The reflected light was analyzed with a single-
channel, miniature spectrometer (I-MON-512 USB from
IBSEN Photonics) connected to a personal computer.

To investigate the performance of our interferometer as a
bending sensor we placed it in a cantilever-like position, see
Fig. 1. To do so, our device was immobilized with an optical
fiber rotator (HFR007, Thorlabs). The cleaved end of the MCF
was observed with a 50 x microscope objective attached to a
change-coupled device (CCD) camera (DCU224C, Thorlabs).
Before introducing bending to the MCF, the cores of the fiber
were oriented in a V-like configuration, i.e., two cores on top of
the central core, see Fig. 1. The core orientation was done fast as
the MCF could be rotated easily. The reason for such orientation
will be explained in the following paragraphs.

Bending to the MCF was introduced with precise microposi-
tioners (3-Axis NanoMax Stage, Thorlabs). Our set up allowed
us to bend the MCF vertically (in the 4y and -y directions) and
horizontally (in the +x and -x directions). The bending angle
was varied with & (the distance traveled by the translation stage)
as / (the distance from the point when the MCF is immobilized
to the point where it is bent) was fixed, see Fig. 1.

The results of our experiments are shown in Fig. 3. Note
that when the MCF was bent to the +y direction, the reflection
spectra shift to longer wavelengths (red shift) and when the de-
vice was bent to the -y direction the interference patterns shift
to shorter wavelengths (blue shift). The shifts observed as a
function of the bending angle for both directions are shown
in Fig. 4. Regardless, the direction of the bending in a linear
behavior was observed. The bending sensitivities were found to
be +3890 pm/ deg when the bending was in the 4y direction
and -4094 pm/ deg when the bending was in the -y direction.

The curvature sensitivities of our MCF are ~ - 1.99 nm/m"!
and ~ + 1.90 nm/m™! for the -y and +y direction, respectively.
Such sensitivities were calculated by assuming that the radius of
curvature (R) of our MCF can be expressed as [15]: R ~ /2 /(2d)
which is valid when & << /. The above sensitivities are higher than
those of the ultrasensitive LPG-based bending sensor reported
in [26].
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Fig. 4. Shift of the interference pattern as a function of the bending
angle when the bending was in the +y direction (dots) and the -y
direction (squares). The solid lines are linear fittings to the experimen-

tal data.

The origin of the red or blue shift of the interference pat-
terns can be explained by means of the conformal mapping
technique [30,31]. This technique replaces the curved wave-
guide by an equivalent straight one with an index profile that
depends on R. Thus, the refractive index distribution of the
mth MCF core can be expressed as [32,33]: »n' ~n,(1 +
y/R) when the fiber is bent in the +y direction. 7,, is the index
of the mth core when it is straight. The geometrical center of
the MCF is considered at the point y = 0. Therefore, if the
MCEF is bent in the +y direction, see Fig. 1, the refractive index
of the three cores will increase in the 4y direction in a gradual
manner. However, the changes will be more prominent in the
two cores on top of the central one as they are further away
from the geometrical center of the MCF. When the bending
is in the -y direction, the central core will experience larger
index changes than the other two cores.

The index changes experienced by the cores of the MCF
modify the profile of the supermodes, their propagation con-
stants, and the numerical aperture of the cores. As a conse-
quence, the coupling between the supermodes is altered,
given rise to a shift of the reflected interference pattern. The
interference pattern shifts to longer wavelengths when the in-
dex of the supermodes increases, which happens when the
bending is in the +y direction.

The MCF was also bent in the +x and -x directions (ac-
cording to the coordinate system shown in the micrograph of
Fig. 1). The results of the experiments are shown in Fig. 5. In
these cases the shift of the interference patterns is minimal and
the changes in intensity are prominent. The more dramatic
changes occur when the MCF is bent in the -x direction.
Figure 6 shows the changes in the absolute maximum (1 is con-
sidered when the MCF is not bent) of the reflected pattern as a
function of the bending angle. Again, an approximately linear
behavior was observed. The lack of wavelength shift in these
directions can be explained by the fact that the MCF is sym-
metric in the x-axis, so the interfering supermodes change
by the same amount, leading to no change in the supermode
interference spectral pattern.

From the above results, it is not difficult to conclude that the
bending of our device in any other random direction will cause
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Fig. 5. Interference patterns observed when the interferometer was
bent in the +x direction (top graph) and -x direction (bottom graph)
according to the coordinate system shown in Fig. 1. The length of the
MCF was 16 mm in all cases. The orientation of the MCF cores is
illustrated by the inset drawings. The vertical line shows the position of
the maximum when the MCF was straight.

a mixture of amplitude and shifting of the interference pattern.
Thus, by combining the intensity interrogation with the spectral
interrogation, one could, in principle, know any of the bending
directions. Moreover, by optimizing the structure of the
MCEF (core size and core-to-core separation) the performance
of the bending sensor proposed here can be further enhanced.

The bending sensitivities of our device were verified
through simulation by using commercial waveguide software,
FimmWave by Photon Design, which uses the finite difference
method to calculate the modes of an optical fiber. The SMF and
MCEF were simulated and the fiber chain was created. The device
spectra were then calculated as the MCF was bent in the four
directions mentioned above. Figure 7 summarizes our results.
Our simulation predicts a blue shift when the MCF is bent in
the -y direction and a red shift when the fiber is bent in the +y
direction. The theoretical sensitivities for the 4y and -y
directions are 6000 pm/ deg and -6000 pm/ deg, respectively.
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Fig. 6. Relative changes of the reflected spectra observed when the
interferometer was bent in the +x direction (squares) and -x direction
(solid dots) according to the micrograph shown in Fig. 1. The length
of MCF was 16 mm in all cases.
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Fig. 7. Theoretical interference patterns of a three-core MCF when
it is straight and when it is bent 0.5 and 1 deg in the +y and -y
direction (top graph) or in the -x direction (bottom graph). The
length of the MCF was assumed to be 16 mm in all cases.

It can be noted that the experimental results agree well with the
numerical ones, but with lower sensitivity and less symmetry
between the measurements. As for the x direction, both the pos-
itive and negative direction showed no wavelength shift, but an
overall decrease of about 6% in power when the MCF was bent
by 1 deg, see Fig. 7. The differences between theoretical and
experimental results (for bending in the x direction) can be ex-
plained by the difference between the ideal MCF used in the
simulation and the real MCF used in the experiments. In addi-
tion, in the simulations the role of the SMF-MCEF junction was
not taken into account which may be altered during the bending
experiments. Another factor that may affect the experimental
results is the fact that the MCF was not perfectly vertically
aligned during the experiments.

The results shown in Figs. 3-7 suggest that by monitoring
the relative changes in the reflected power or the shift of the
interference pattern, one can distinguish if the fiber is bent
to the north (4y direction), south (-y direction), east, or west
(x direction), i.e., to the four cardinal points.

The sensitivity of our device to environmental disturbances
(e.g., temperature) or the influence of fluctuations of the optical
source can be easily compensated. Temperature can cause a
shift of the interference pattern, but it does not change the am-
plitude of the same. On the other hand, fluctuations of the
optical source do not cause a shift of the interference pattern.

In a practical situation the MCF bending sensor proposed here
must be properly packaged. Our MCEF is not sensitive to the sur-
rounding environment, thus, packaging materials may not affect
the device performance. The orientation of the cores of the MCF
is not an issue, as it can be carried out with the same technology
used in modern optical fiber splicing machines.

In conclusion, we have reported on a bending sensor based
on a MCF with an asymmetric core distribution. The cores of
the MCF were aligned in a V-like configuration. The main fea-
tures of the sensor reported here are: (i) compactness, a few
millimeters of MCF are needed to fabricate the sensor, (i) ultra
high bending angle sensitivity (up to -4094 pm/ deg),
(iii) capability to distinguish multiple bending directions, and
(iv) simple fabrication (a single splice is required) and
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interrogation of the sensor. Our sensor has the potential to
monitor other parameters that can be converted to bending an-
gles. Thus, we believe that it can be used in applications where
ultra high and bend-direction sensitivity are required.
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