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Abstract—In this article we present an all-fiber vector bend
sensor by means of a self-fabricated micro-structured multicore
optical fiber. The reported solution is based on differential intensity
variations of the light transmitted along the cores whose changes
are influenced by the bending angle and orientation. The unique
asymmetric structure of the air-holes in the optical fiber provides
each core with different confinement losses of the fundamental
mode depending on the bending radius and orientation, making
each of the cores bend-sensitive in a range of at least 80°. It has
been experimentally demonstrated that the reported sensor enables
the bending angle and orientation to be detected in a full range
of 360° without any dead-zones, and the possibility of end point
detection with millimeter precision. Additionally, a reconstruction
of the bending vector has been carried out theoretically, and a good
match can be observed between the experimental and theoretical
data.

Index Terms—Bend sensor, intensity sensor, microstructured
optical fiber, multicore fiber, optical fiber sensor, vector sensor.

I. INTRODUCTION

B
ENDING deformation measurement plays an important

role in the fields of structural health monitoring (SHM)
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and mechanical engineering. Due to the numerous advantages

of fiber optic sensors in comparison to electrical ones (e.g.

small size, lightweight, electromagnetic interference immunity,

corrosion-resistance and high sensitivity), optical fiber sensors

are developed as a powerful and rich technology for bend-

sensing in a variety of applications. For instance, they are used

for real-time monitoring of the state and the safe operation

of multiple infrastructures such as bridges, roads or pipelines

[1]–[3]. Optical fiber bend sensors have also found a niche

market in physiotherapy and medicine as they can detect human

posture or track the orientation of robotic arms [4], [5]. Since

optical sensors are lightweight and easy to embed in a variety of

materials, the manufacturing of robotic arms can be carried out

in lighter materials such as composites. This solution will allow

their movements to be sped up, thus increasing their productivity.

The fiber-optic bend sensors developed so far are mainly

based on interferometric methods [6]–[11], fiber Bragg gratings

(FBGs) [12]–[14], or long period fiber gratings (LPGs) [15],

[16]. Some of the interferometric bend sensors reported thus far

present high sensitivity [6], but their manufacturing is complex.

On the other hand, the fabrication of FBG and LPG based sensors

also presents many difficulties and their sensitivity to the envi-

ronmental conditions that surrounds the sensor can introduce

uncertainty into the measurement and negatively influence the

bending interpretation, resulting in a requirement for additional

sensors as reference in some cases. The unique features of multi-

core fibers (MCFs) open new possibilities for the fabrication

of bend sensors using a variety of methodologies. Detecting

both the bending orientation and angle is crucial in reliably

estimating the shape of the fiber and thereby, the shape of the

element being sensed. Recently, distributed sensing techniques

have been explored for the detection of bending using MCF

like Brillouin optical time domain analysis (BOTDA) [17], and

more recently phase-sensitive optical time-domain reflectom-

etry (φ-OTDR) [18], which presents a higher sensitivity level.

These techniques allow both bending orientation and radius to be

detected, but distributed sensing requires complex architectures

and interrogations systems, which increases the difficulty and

costs of such systems. In [19], an interferometric bend sensor

based on a strongly coupled three-core MCF was reported in

which combining the intensity interrogation and the spectral in-

terrogation of the interference pattern, it can distinguish multiple

bending orientations. Another sensor capable of distinguishing

bending orientation and curvature simultaneously was proposed
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in [20] based on an asymmetrically structured three-core-fiber.

This sensor reported recognition of multiple directions and small

cross sensitivity with temperature. Both [19] and [20] present

vector sensors that are promising and simple to fabricate, but

they require a spectrum analyzer to extract the spectral data,

which increases the cost and size.

In this paper we present, to the best of our knowledge, the

first optical fiber bend sensing solution based on differential

light-intensity variations in a micro-structured 7-core MCF with

an asymmetric air-hole structure. Due to this asymmetric struc-

ture of air-holes, each of the 6 sensing cores of the MCF is

characterized by presenting different confinement losses of the

fundamental mode at different bends. This feature allows the

detection of the bending intensity and orientation in the full 360°

range with no dead-zones and a precision in the fiber-end detec-

tion of millimeter resolution by just employing a power meter

as a detector. Moreover, the unique hole-assisted structure of the

MCF guarantees low cross talk between the cores. The presented

method of intensity-measurement provides for simplicity of the

architecture and robustness in comparison to other conventional

techniques for vector bending sensing.

II. PRINCIPLE OF OPERATION AND EXPERIMENTAL SETUP

The all-fiber bend sensor proposed in this paper is based

on the fact that the confinement losses in MCFs depend on

the geometry of the air-hole structure that surrounds the core

[21]. Therefore, when designing a micro-structured fiber with

an asymmetrical structure of air holes, it is possible to obtain

an increased bending-sensitivity in a specific direction, while

eliminating it in the opposite direction. Our design of such a

bend-sensitive structure is shown in Fig. 1(a). As can be seen,

the micro-structured cell presented has air-holes of a constant

size and a constant lattice parameter, but the arrangement of

the air-holes is asymmetrical. This causes changes in the con-

finement loss of the fundamental mode when the optical fiber

is bent and leads to shifts in the mode field distribution [22].

Fig. 1(b) (c) and (d) illustrate the mode field distribution of

the presented bend-sensitive cell for three different bending

situations simulated employing the methodology described in

[22] for a tip deviation of 4.65 cm: (b) no bending (straight

fiber); (c) bending toward a single ring of air-holes; and (d)

bending in the direction of three rings of air-holes. When the

mode is shifted towards a single ring of air holes it experiences

higher confinement loss, as the single hole ring is not capable of

surpassing the evanescent field, and thus the mode leaks faster.

On the other hand when the mode is shifted towards a triple line

of holes, the mode exhibits lower confinement loss, as the vast

air hole structure efficiently creates a low loss waveguide [23].

The orientation-sensitivity of the proposed fiber sensor de-

pends on the number of bend-sensitive cells. A single-cell

structure can detect changes in a specific range of angles,

and thus, using a multiple-cell design it is possible to sense

bending radius and orientation in a full range of angles (0° -

360°). In our approach, we fabricated a fiber consisting of six

bend-sensitive cells spaced 60° apart from each other, which

provides adequate sensitivity in the full range of angles (see

Fig. 1. Visualization of the bend-sensitive microstructured cell (a) and the
mode field distribution for different fiber bends: unbent fiber (b); a fiber bent
towards a region of a small number of air-holes (c); and a fiber bent towards an
area with a big number of air-holes (d). Cross-section of the manufactured MCF
based on six bend-sensitive cells and a germanium-doped central-core (e).

the MCF cross section in Fig. 1(e)). This MCF was fabricated

from silica using the stack and draw technique. The air-hole

diameter is 3,5 µm and the lattice constant is fixed to 11,7 µm.

Additionally, it presents a central-core doped with germanium

(lighter color in Fig. 1(e)) developed in compliance with the

ITU-T G.652 recommendation for providing single-mode light

propagation. This central core allows the stability of the system

to be controlled by monitoring, for example, fluctuations in the

power of the light source. Furthermore, the appropriate design

of the air-hole structure in the MCF ensures practically no

crosstalk between the cores, which guarantees the independent

propagation of the signal through each core [24]. Fig. 2 illustrates

the experimental setup employed throughout the measurements.

A super-luminescent diode with a central wavelength of 1550 nm

was used as the light source. The bend-sensing fiber has a length

L of 15 cm, and it is attached to self-manufactured fan-in/fan-out

elements at both ends, which converts the 7-core MCF into 7

ends with single-mode-fibers for allowing independent coupling

and detection of light in each core of the MCF. The detection

was carried out for each core using a photodiode power meter.

The orientation and bending of the fiber were changed in a

controlled manner by means of two rotation stages (0° - 360°) in

the first case, and a point lateral displacement in the latter case.

The first step in the experimental procedure was to measure

the output power of each cell for a straight-fiber (no bending)
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Fig. 2. Schematic of the measurement setup of the bending sensor. FI: fan-
in; FO: fan-out; L: length of the bend-sensitive fiber; A: distance between the
straight position and the maximum bent position.

Fig. 3. Schematic representation of the relationship between R, A and H for
a specific bending simulating real conditions with a fixed tip and a free tip.

position and 0° of rotation. Then, the bending displacement was

increased stepwise and the power measurements of each core

were repeated in each step. Once the maximum bending was

reached, the orientation of the fiber was changed in steps of 15°

and the procedure was repeated. Every single bend angle and

orientation configuration provides different loss values in each

core, and on the basis of these values, it is possible to determine

the direction and the level of bending.

The bending radius of the sensing fiber can be determined

according to the following dependence:

R =
A2 +

(

L

2

)2

2A
(1)

where L is the length of the sensing fiber, and A represents the

distance between the straight and the maximum bent positions of

the fiber. This relationship is schematically illustrated in Fig. 3.

In order to make the analysis and representation of the bending

level easier, we converted the bending radius into the so-called

tip deviation (H). It simulates the situation where one of the fiber

ends is immobilized and the other end is free and susceptible

to position changes due to the applied bending. Therefore, H

represents the position change of the free fiber tip from the

Fig. 4. Relationship between optical losses and probe rotation of each bend-
sensitive core of the tested sensor for a tip deviation of H = 1,2 cm from the
straight position.

original straight position to the new location after bending (see

Fig. 3). The value of H can be determined from the following

relation:

H =

√

(

L− Rsin

(

L

R

))2

+

(

R− Rcos

(

L

R

))2

(2)

III. RESULTS

A. Experimental Results

Each bend-sensitive cell is responsive to a range of fiber

orientation angles, presenting a maximum loss value at a specific

angle. For the purpose of characterizing the response of each

core, the probe was tested for the full range of fiber orientation

(Θ = 0° − 360°) in steps of 15° and up to a maximum bending

level corresponding to a tip deviation H = 1,4 cm. Fig. 4

illustrates the measured optical losses of each sensitive core

for a tip deviation H = 1,2 cm. The loss curves have been

normalized to 1 with respect to the maximum loss value of each

core for the clarity of the plot. As can be seen, each core shows

significant losses for a specific range of bending angles, covering

at least a range of 80°. In addition, the response of each core is

partially superimposed with the response of the adjacent cores,

and therefore our MCF sensor does not have dead-zones and

ensures its reliability in 360° of rotation.

Apart from monitoring the bending orientation, our sensor

is also capable of detecting the value of the tip deviation (H).

On the one hand, Fig. 5 shows the evolution of the optical

losses of one of the sensitive cores as a function of the fiber

orientation for four different tip deviations. As can be observed,

a greater tip deviation (greater bending) causes greater losses in

the propagated light. This result could be expected as a greater

bending in an optical fiber increases the confinement losses

[23]. It should be noted that the signal amplification (negative

losses) represented in this graph is caused due to the fact that the

transmitted light has lower propagation losses when the mode is
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Fig. 5. Evolution of the optical losses of one of the bend-sensitive cores as a
function of the bending orientation and 4 different tip deviations (H).

shifted toward the triple line of holes than when it is propagated

through a straight fiber (which is the reference measurement to

calculate the losses).

On the other hand, Fig. 6 shows the characterization of the

optical losses as function of the tip deviation. The analysis was

carried out for three neighboring cores and three different bend-

ing orientations with the purpose of demonstrating the selective

response of each core to rotation. The standard deviation of the

measured optical losses is ± 0.05 dB calculated based on three

complete rounds of measurements for each core. Fig. 6(a) corre-

sponds to a bending orientation towards the axis of core 2 (Θ=
0°), which causes significant losses in this core increasing quite

abruptly with the tip deviation. Due to the symmetric structure

of our MCF, the applied bending causes the modes of cores 1

and 3 to shift toward the same number of air-holes. Therefore,

these two cores present practically the same losses with a smooth

increase with the tip deviation. Similarly, in Fig. 6(b) we bent the

fiber 30° (between cores 2 and 3), and as expected, this caused

comparable losses in cores 2 and 3 presenting a moderate slope

with the tip deviation. As can be seen, the response of core

1 to this bending orientation is practically negligible. Lastly,

Fig. 6(c) represents the case of an asymmetric response of cores

2 and 3 (Θ = 45°). As can be seen, the bend-sensitivity of

core 3 is greater than that of core 2, as their modes are shifted

asymmetrically in each cell. In this case again the sensitivity of

core 1 is negligible. From these results it is demonstrated that

our MCF sensor can detect bending changes with a resolution

of few millimeters based on specific optical loss measurements.

It should be mentioned that the range of detectable tip deviation

could be further increased by using a light source with a higher

optical power.

It should be noted that all the experimental measurements

were carried out for a sensor length of 15 cm. However, the

sensitivity in measuring the curvature depends on the optical

fiber length. This dependency is illustrated in Fig. 7., for the sake

of clarity. As can be seen, different curvatures (or bending radii)

applied to the fiber correspond to different loss as the sensor

Fig. 6. Relationship between optical losses with curvature and tip deviation
for three neighboring cores and three different bending orientations: (a) Θ= 0°
(bending toward core 2); (b) Θ= 30° (bending between cores 2 and 3); and (c)
Θ = 45° (asymmetric bending closer to core 3 than to core 2). Only 3 of the 6
cores are presented for the sake of clarity.

length varies. Therefore, the sensitivity of the presented bend-

sensor shows a dependency with the fiber length as presented in

Fig. 7.

B. Theoretical Reconstruction of the Bending Angle and

Tip Deviation

In order to theoretically reconstruct the bend angle and tip

deviation based on the loss measurements of the proposed fiber,

we have followed a method similar to the one presented in [18].

From the measurement data we created 6 points in a 3D space

defined as:

P i =

⎡

⎣

xi

yi

zi

⎤

⎦ (3)
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Fig. 7. Illustration of the response of the sensitivity of the sensor as function
of the optical fiber length.

where xi, and yi represent the location of i-th core in the cross-

section of the fiber, and zi depicts the losses in dBs of the i-th

core. In the next step, a plane was fitted to the defined points using

the least square method. The normal vector to the calculated

plane is defined as (where the sub-index depicts calculated):

N =

⎡

⎣

xc

yc

zc

⎤

⎦ (4)

Based on the normal vector parameters, the bending angle and

tip deviations were calculated using the following equations:

Θ =

{

tan−1(yc

xc

) xc ≥ 0

tan−1(yc

xc

) + π xc < 0

}

(5)

H =
zc

|N |
(6)

Based on the previous equations, and by using the experi-

mental loss measurements as a starting point, the theoretical

reconstruction of the bending angle and tip deviation has been

carried out. Fig. 8 shows a comparison of the experimentally

applied and theoretically reconstructed bending orientation and

tip deviation, each for three cases. As can be seen, the theoreti-

cally reconstructed values match accurately the experimentally

applied values in all cases for both graphs. It should be noted

that the bumps shown in Fig. 8(a) around an orientation of

130° and in Fig. 8(b) around a tip deviation of 1 cm may be

due to matching the conditions for interference between the

cladding mode and the mode propagating through the core,

which provides inaccurate measurement data, and therefore a

mismatch between the experimental and theoretical values.

Finally, the reliability of the proposed sensor is calculated

from the standard deviation of the differences between pairs of

measured data and reconstructed data. We determined the sensor

accuracy as 20° in bending angle and 1.5 mm in tip deviation,

for measurements of bending angles ranging from 0° to 345°

with steps of 15° and tip deviations ranging from 0 to 1.6 cm

with steps of 0.8 mm.

Fig. 8. Comparison between (a) applied and reconstructed bending angle for a
tip deviation of 0.6, 1 and 1.4 cm, and (b) applied and reconstructed tip deviation
for a bending angle of 60°, 180° and 300°.

IV. CONCLUSION

We reported the implementation of a self-fabricated micro-

structured 7-core multicore fiber as a vector bend sensor based on

intensity measurement. Six cores serve as bend-sensitive cells,

while the central core allows the stability of the sensor system

to be measured. The experimental results confirm the sensor’s

ability to detect bends in a range of 0° - 360° without any dead-

zones, and millimetric accuracy on the fiber-tip detection of 1.5

mm. The presented method, unlike other conventional solutions,

presents low cross-sensitivity to external factors, simplicity of

the architecture and robustness of the system. We believe the

reported MCF-based sensor presents potential features to pave

the way for cheap and efficient vector bending sensors.
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