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A bending sensor is demonstrated using the combination of
a mode-selective photonic lantern (PL) and a multicore
fiber. A short section of three-core fiber with strongly
coupled cores is used as the bend sensitive element. The
supermodes of this fiber are highly sensitive to the refractive
index profiles of the cores. Small bend-induced changes
result in drastic changes of the supermodes, their excitation,
and interference. The multicore fiber is spliced to a few-
mode fiber and excites bend dependent amounts of each of
the six linearly polarized (LP) modes guided in the few-
mode fiber. A mode selective PL is then used to demultiplex
the modes of the few-mode fiber. Relative power measure-
ments at the single-mode PL output ports reveal a high
sensitivity to bending curvature and differential power dis-
tributions according to bending direction, without the need
for spectral measurements. High direction sensitivity is
demonstrated experimentally as well as in numerical simu-
lations. Relative power shifts of up to 80% have been mea-
sured at radii of approximately 20 cm, and good sensitivity
was observed with radii as large as 10 m, making this sens-
ing system useful for applications requiring both large and
small curvature measurements. © 2015 Optical Society of
America
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The ability to measure the curvature of an object is extremely
important in applications such as mechanical and aerospace
engineering, and structural health monitoring. Additionally,
knowing both the degree of curvature and the direction of
the bending can be very useful in evaluating structural integrity,
as these parameters can help in identifying deformations and
stresses in structures. Various fiber-sensing systems have been
analyzed for applications as direction-sensitive bending sensors.
Most of these sensor systems employ some form of fiber gra-
ting, including long period gratings [1], cladding waveguide

gratings [2], and fiber Bragg gratings in multicore fiber (MCF)
[3]. Whereas these and other grating-based systems have been
shown to be able to measure bending and distinguish multiple
directions, writing gratings into multiple cores or the cladding
of an optical fiber requires complicated fabrication techniques.
Luna Technologies has developed a commercial shape sensing
system based on Rayleigh scattering in MCF that has high ac-
curacy and does not require fiber Bragg gratings. However, the
optical frequency domain reflectometry method used is com-
putationally complex and requires the sweeping of a tunable
laser source, resulting in high cost instrumentation [4].

Alternatively, simpler fiber sensing systems based on MCF
have been shown to work well for measuring temperature [5,6],
refractive index [7], strain [8,9], as well as curvature [10–12].
These sensors utilize the coupling of the multiple cores of the
MCF, which creates a modulated transmission spectrum for
sensing [13]. They are generally simpler to fabricate than
grating-based sensors and have comparable sensitivity.
However, these MCF sensing systems generally still rely on
spectral analysis instrumentation.

In this Letter we demonstrate the sensing capabilities of a
MCF in conjunction with a photonic lantern (PL) [14–17],
which eliminates the need for measuring the spectra of the
device. PLs are all-fiber devices consisting of a number of
single-mode fibers (SMF) that are fused together and tapered
down to form a single multimode fiber (MMF) or few-mode
fiber (FMF) [16]. Mode-selective PLs are a developing technol-
ogy with applications in spatial division multiplexing for tele-
communications [16,17]. In a mode-selective PL each SMF
excites a different linearly polarized (LP) mode in the output
FMF, with low cross-talk between the modes. Here we use the
mode-selective PL to measure the power in the various modes of
a FMF through the corresponding SMF outputs. The ability to
decouple various modes in a fiber using an all-fiber device leads
to new possibilities in the field of fiber sensing. In our experi-
mental setup, the PL is being used in conjunction with a
three-core fiber with strongly coupled cores, similar to the MCF
that has already been demonstrated to be sensitive to bending
[10]. This combination allows for increasing the measurement
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sensitivity while relying exclusively on power measurements
without the need for any form of spectral analysis.

The MCF used was fabricated in-house using the stack and
draw method. The cores are 9 μm in diameter, with a pitch of
11 μm, and the fiber outer diameter is 120 μm. The fiber was
fabricated from Ge-doped silica, with aΔn of 7 × 10−3 and each
core had an NA of 0.14. The cross section of the MCF is shown
in Fig. 1.

The mode-selective PL was also fabricated in-house by first
drawing four Ge-doped graded-index fibers (GIF) with a Δn of
16 × 10−3 and core sizes of 20, 18, 15, and 6 μm. The GIFs are
spliced to SMF ensuring the excitation of only the LP01 mode.
The various core sizes will excite different LP modes in the
FMF (LP01, LP11a;b, LP21a;b, and LP02, respectively) [17].
Six GIFs are then inserted into a low index capillary made
of fluorine-doped glass with a Δn of −9 × 10−3 relative to fused
silica in the arrangement shown in Fig. 1. The filled capillary is
then tapered using a CO2 laser tapering station (LZM-100 by
AFL). As the device is tapered with a final taper ratio of 15.9∶1
over 50 mm length, the individual cores become negligible and
the light is guided in the cladding of the GIFs that, in the
tapered section, form a FMF with a core size of 18 μm.
This end of the lantern is spliced to a FMF with a core size
of 15 μm and a Δn of 11 × 10−3 that supports only the six
LP modes previously mentioned.

The experimental setup used is shown in Fig. 1. A super-
luminescent diode (SLD) centered at 1550 nm is used as
the light source, and a SMF is used to excite the various
supermodes in the MCF with three strongly coupled cores,
with one of the three cores being centrally aligned with the core
of the SMF. This fiber supports three polarization degenerate
supermodes, as shown in Fig. 2(b). There will be supermode
interference within the MCF [13]; however, by using a very
short section of MCF, the spectral period of the interference
pattern will be hundreds of nanometers, and the interference
fringes will be outside of the SLD bandwidth. For this test
we used 0.5 cm of a three-core fiber that had a smooth trans-
mission spectrum throughout the ∼40 nm bandwidth of
the SLD.

The MCF is then spliced to the FMF end of the PL that
supports the six LP modes shown in Fig. 2(c). The power
through the SMF outputs of the lantern is then measured with
an integrating sphere (IS).

The MCF section is bent with a controlled direction and
radius of curvature by fixing the fiber inside of a plastic tube
and forcing it to bend through the inward movement of a
translation stage in a similar setup to [10]. Bending the
MCF changes the refractive index profile, and therefore

changes the supermodes, their excitation from the SMF, and
their propagation. This in turn changes the FMF modes that
are excited by the MCF and their relative powers. The power in
each of the FMF modes can be measured with the SMF outputs
of the PL. The change in relative power of each mode is then
measured as a function of radius and direction of the MCF
bending.

Before discussing the relative power measurements, it needs
to be verified that, in fact, a change of the excited power of the
FMF modes is observed and not a spectral shift due to multi-
mode interference. To do so, the transmission spectra were
recorded as the MCF was bent. As shown in Fig. 3, the total
power of mode LP11a transmitted through the PL does in fact
increase and decrease with bending, with no noticeable spectral
shift. Figure 3(a) shows the interference fringes caused by the
multiple excited modes of the FMF. However, they do not shift
as the MCF is bent in either direction by a radius of 23 cm.
Figure 3(b) shows smoothed spectra that clearly show the total
change in power for this mode, which for the same bending
radius is clearly dependent on the bending direction.

The relative power shift (change in power/initial power or
ΔP∕Po) measured for each of the six lantern modes for four
bending directions is shown in Fig. 4. Clearly, each mode
power responds differently to bending, and this response is di-
rection sensitive. The relative power change measured was as
high as 80% for some modes, providing exceptional sensitivity.
It was observed that the change in relative power is sometimes
linear with respect to the inverse radius of curvature, and is
sometimes curved, depending on the mode and the direction
of bending. The highest sensitivity observed experimentally was

Fig. 1. Schematic of the experimental setup, including cross section
of the three-core fiber used, and a schematic of the arrangement of
graded index fibers within the PL (1, 20 μm; 2 and 3, 18 μm; 4
and 5, 15 μm; 6, 6 μm core diameter).

Fig. 2. Simulated mode profiles of the fiber modes from each
section of the fiber bending sensor device: (a) standard SMF,
(b) three-core fiber, (c) FMF, and (d) the fundamental modes of
the GIFs with varying core diameters at the output of the PL.
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in the direction of 270° for the LP21a mode, with 20.2%∕m−1

with respect to the inverse radius over the region from 0.01 to
0.04 cm−1, or 2.3%/cm with respect to the radius of curvature
from 20 to 40 cm.

In the future, the variations in sensitivity with bending
direction could be more easily understood if the experiments
were designed in such a way that enabled knowledge of the
MCF orientation within the bending setup. However, we
currently do not have that knowledge. With six modes, each
having different responses to bending, enough information
can be obtained in order to fully measure the angle and the
radius of curvature of the bend simultaneously.

In order to verify the necessity of the MCF as the bend-
sensitive element, the experiment was repeated with the pre-
vious setup, but with a section of the FMF being bent while
the MCF was kept straight. Bending the FMF resulted in very
small changes in the power of the modes. The total relative
power shift was less than 4% for all modes and bending direc-
tions, with the average being only 1.6% at a radius of 27 cm.
The sensitivity is clearly significantly lower than that measured
while bending the MCF section, showing that the high sensi-
tivity of this system is dependent on the strong coupling of the
supermodes in the MCF.

To gain predictive capabilities in designing an optimized 3D
fiber optic bending sensor, the device performance was simu-
lated using commercial waveguide software FIMMWAVE, by
Photon Design. The SMF–MCF–FMF fiber chain was created
in the software, and bending was applied to the MCF segment
with full control over both the radius of curvature and the di-
rection of the bend. The power in each of the FMF modes was
then calculated as a function of inverse bend radius for several

Fig. 3. Transmission spectra of the LP11a mode when bent in two
directions with a radius of 23 cm, with spectral smoothing applied
during the post processing. (a) A nine-point Savitzky–Golay smooth-
ing filter was used showing the multimode interference occurring
within the FMF, and (b) with a 65-point filter, more clearly showing
the total power difference.
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Fig. 4. Relative power shifts of each of the FMF modes measured as a function of the inverse radius of curvature for four different bending
directions.
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different bending directions. Figure 5 shows very similar slopes
and total relative power changes to those measured experimen-
tally, giving confidence to the accuracy of the sensing system.
In addition, the simulations show a large directional depend-
ency. Figure 5(a) was calculated for a bending direction of 90°
and Fig. 5(b) was calculated for 180°. Because the orientation
of the three MCF cores is not known experimentally, an exact
match between the measured mode power shifts and those in
simulation could not be obtained.

In addition, the combined MCF and PL device can be mul-
tiplexed for multiple point measurements by connecting the
LP01 SMF of one device to the next input SMF in a chain,
enabling the reconstruction of the full 3D shape of the fiber
using the remaining five modes of each device. A similar mut-
liplexing technique was recently used with fiber Bragg gratings
in cladding waveguides of a fiber [2]. However, this method
requires a spectrometer, whereas the MCF with PL approach
requires only a powermeter as the interrogation system, and

has orders of magnitude higher sensitivity than the grating
approach.

In conclusion, we have shown a direction-sensitive bending
sensor, utilizing the combination of a MCF with a mode-
selective PL. This is the first time, to our knowledge, that a
PL has been used for shape sensing applications. Our results
show high sensitivity to bending over a wide range of radii
of curvature, as large as 10 m, making this approach useful
for applications requiring knowledge of the curvature and
direction of bending for small curvature applications.
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Fig. 5. Simulated relative power shifts of each mode as a function of
inverse radius for two bending directions, (a) 90° and (b) 180°.
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