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a b s t r a c t

An intensity curvature sensor using a Photonic Crystal Fiber (PCF) with three coupled cores is proposed.

The three cores were aligned and there was an air hole between each two consecutive cores. The fiber

had a low air filling fraction, which means that the cores remain coupled in the wavelength region

studied. Due to this coupling, interference is obtained in the fiber output even if just a single core is

illuminated. A configuration using reflection interrogation, which used a section fiber with 0.13 m as

the sensing head, was characterized for curvature sensing. When the fiber is bended along the plane of

the cores, one of the lateral cores will be stretched and the other compressed. This changes the coupling

coefficient between the three cores, changing the output optical power intensity. The sensitivity of the

sensing head was strongly dependent on the direction of bending, having its maximum when the

bending direction was along the plane of the cores. A maximum curvature sensitivity of 2.0 dB/m�1

was demonstrated between 0 m and 2.8 m.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

In recent years, PCFs have been widely used both in research
and industry. Recent reports have demonstrated the possibility
of using multicore PCFs for several applications, such as light
couplers [1–4], narrow band filters [5,6], frequency comb gen-
erators based on four-wave mixing [7], supercontinuum genera-
tion [8], phase-locking [9] and fiber lasers [10].

Experimental studies comparing the properties of light in a PCF
for a number of cores up to eighteen for high power applications
have been presented [11]. Theoretical models have also been
presented to describe the supermode characteristics for linearly
and circularly distributed multicores in PCFs [12] and the depen-
dence of the characteristics of these modes on the geometry of the
fiber [13]. PCFs have also been used for sensing applications [14],
such as biomolecules [15], force meters [16], pressure [17], torsion
[18], strain [19], temperature [20] and curvature sensors [21].

In curvature sensors, three measurands can be used to inter-
rogate the sensor, namely, the phase shift [21], bending losses [22]
or wavelength separation [23]. With the use of FBGs written into
separate cores of multicore PCFs, sensors with temperature insen-
sitivity for one-axis [23] and two-axis [24] curvature measurement
have been demonstrated. The sensors make use of the different
ll rights reserved.
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strain applied in different cores when curvature is applied to the
fiber to induce different shifts in the wavelengths of the FBGs. The
same principle has also been demonstrated in Gemini fibers [25].

An intensity curvature sensor was demonstrated to measure
curvature with a sensitivity of 2.1670.02 dB/m�1 in a range of
3.5 m�1 using long-period fiber grating monitored by an optical
time-domain reflectometer [26]. For shorter measuring ranges,
higher sensitivities have been achieved. Using a fiber-optic
curvature sensor based on the single-mode-multimode-single-
mode (SMS) fiber structure, a sensitivity of �18.42 dB/m�1 in a
range of 0.54 m and a sensitivity of �130.37 dB/m�1 for a range
of 0.23 m�1 was demonstrated [27].

In this paper, the authors present an intensity curvature sensor
interrogated in reflection which uses a section of silica photonic
crystal fiber with three aligned cores as the sensing element. This
new configuration explores the variation of the coupling coeffi-
cient between the fiber cores when curvature is applied. The
advantage of this sensing head is the simple interrogation
technique based on optical power variation. The sensor was
characterized for three different planes of curvature with respect
to the cores alignment.
2. Experimental setup

Fig. 1 presents the configuration of the curvature sensor. The
configuration uses a broadband source at 1550 nm with 100 nm
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Fig. 1. Experimental setup of the bending sensor.

Fig. 2. Cross section of the PCF with three cores with a magnification of 865�

(inset figure with a magnification of 9000�).
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Fig. 3. Spectral response for different applied curvature (reflection setup).
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bandwidth and an Optical Spectrum Analyzer (OSA), with a
maximum resolution of 0.05 nm, which was used to observe the
output optical spectrum. A photonic crystal fiber (PCF) with
0.13 m three aligned cores and a low air filling fraction is used
as the sensing element. The average pitch of the air hole (L) of the
fiber, i.e. the distance between two consecutive holes, was
(2.1770.02) mm, the average diameter of the air holes (d) was
(0.970.1) mm and the fiber had a total of 88 air holes (NAH). The
relative hole diameter d=L was 0.4170.05 and the parameter
l=L was 0.7170.02 (considering a bandwidth of 100 nm). The
diameter of the guiding cores was (3.670.1) mm, the size of the
air hole cladding structure was (22.570.1) mm and the diameter
of the cladding was 184 mm. A transversal cross-area section of
the PCF geometry is presented in Fig. 2. One end of the PCF is
spliced with the SMF 28 and the other end is free. The core of the
SMF is aligned with the central core of the PCF so that the
coupling between the SMF and the side cores of the PCF is low.
In order to enable real applications using PCF it is essential to
have low loss splices with standard single-mode fibers. Although
the different coefficients of thermal expansion and melting
temperatures of the two fibers makes the splicing difficult, low-
loss splices have been demonstrated between SMF 28 and PCFs
fibers [28].
The light sent by the light source is reflected in the cleaved free
end of the PCF by Fresnel reflection (4%) and is deflected in the
circulator to the OSA. In this case, the output signal is observed in
reflection and the effective optical path in the PCF is twice its
physical length. The curvature of the PCF is applied by vertically
moving the micrometric translation stage. A good approximation
for the curvature C is given by

C ¼
1

R
¼

2h

l2þh2

� �
, ð1Þ

where R is the curvature radius h is the height difference between
the fixed end and the free end of the PCF and l is the horizontal
distance between the fixed end of the PCF and the micrometric
translation stage.
3. Results

Using the setup described in Fig. 1, curvature was applied to
the PCF. The spectral response of the peak which presented the
highest stability and optical power of the output spectrum for
different applied curvature is presented in Fig. 3. Although the
form of the spectrum remains similar the average optical power
decreases for higher applied curvature.

The average optical power (per nm) between 1550 nm and
1556 nm (the range which was correspondent to the peak pre-
sented in Fig. 3 and which presented the highest sensitivity of the
output spectrum) was measured as a function of the curvature
(Fig. 4) when the bending direction had an angle with the plane of
the cores of 0 degrees (along the plane of the cores), 30 degrees
and 90 degrees (perpendicular to the plane of the cores).
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Fig. 4. Average optical power vs. curvature for rotation angles of 01, 301 and 901

of the PCF along its axis (solid lines are a linear fit of the experimental data; for

the 30 degrees measurements two regimes are considered: low curvatures

(0–1.5 m�1) and high curvatures (1.7–2.8 m�1)).

Table 1
Curvature sensor parameters.

90 Degrees 30 Degrees 0 Degrees

Maximum average power

variation (dB)

1.870.4 3.770.4 5.270.4

Measurement range

(m�1)

0–2.8 0–1.5 1.7–2.8 0–2.8

Curvature sensitivity

(dB/m�1)

�0.6070.06 �0.670.1 �2.170.4 �2.070.1
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When the fiber is bended, the coupling coefficient between the
three cores is changed. If the fiber is bended along the plane of the
cores, one of the lateral cores will be stretched and the other
compressed, inducing a high variation of the coupling coefficient.
In this case, high sensitivity is expected due to the exchange of
optical power between the lateral cores and the central core.
However, if the bending direction is perpendicular to the plane of
the cores, the lateral cores will experience a similar mechanical
stress, resulting in a small variation of the coupling coefficient. In
this case, when the curvature is applied, optical power is lost to
the cladding. Therefore, the coupling coefficient (and the curva-
ture sensitivity) will strongly depend on the direction of bending,
having its maximum when the bending direction is along the
plane of the cores and its minimum when the bending direction is
perpendicular to the plane of the cores.

The side cores are weakly coupled to the SMF and therefore
the optical power transferred from the PCF to the SMF will be
mostly the optical power in the central core. Since the optical
power transferred from the central core to the side cores is
dependent on the coupling coefficient between the cores, the
output optical power will be dependent on the coupling coeffi-
cient, which in turn is dependent on the curvature.

A theoretical model is being developed in which the depen-
dence of the coupling coefficient between the three cores in the
curvature and the other parameters of the fiber will be explicitly
given. However, the coupling coefficient should be dependent on
the diameter of the air holes (mainly the ones between the cores)
d and the diameter of the cores. Furthermore, although the
V-parameter was not calculated, the values of the relative hole
diameter d=L, the parameter l=L and diameter of the cores place
the fiber in the ‘‘single-mode’’ operation region (each core should
only have one mode when considered separately) [29].

The main results are resumed in Table 1. As expected, the
sensitivity of the average optical power with the curvature was
higher when the bending direction was along the plane of the cores
(0 degrees). With a rotation angle of 0 degrees, a linear response
with a curvature sensitivity of 2.070.1 dB/m�1 was obtained. As
for the angle of 90 degrees, linear response with a curvature
sensitivity of 0.6070.06 dB/m�1 was also obtained, i.e. approxi-
mately three times lower than the 0 degrees measurement.

Regarding the measurement with an angle of 30 degrees
(between the two previous angles) a non-linear behavior was
observed. This behavior is the combination of the two effects
explained previously, i.e., for low curvatures, the behavior is
similar to the 90 degrees case since the optical power exchange
between the cores is not strong. However, for high curvatures, the
optical power exchange between central and lateral cores will be
higher and a behavior similar to the 0 degrees case is observed.
Furthermore, optical power will be lost to the cladding, providing
an even higher sensitivity than the 0 degrees measurement. The
non-linear response was divided in two linear regimes, for low
curvatures and high curvatures. For the low curvatures regime
(0–1.5 m�1), a sensitivity of 0.670.1 dB/m�1 was achieved and
for the high curvatures regime (1.7–2.8 m�1), a sensitivity of
2.170.4 dB/m�1 was obtained.
4. Conclusion

A new type of intensity curvature sensor using a three core PCF
is demonstrated and characterized. The sensor makes use of the
variation of the coupling coefficient between the fiber cores with
curvature and was interrogated in optical power variation when
the sensing head was subjected to curvature. Furthermore, the
sensitivity can be tuned by applying the curvature along different
planes. A maximum curvature sensitivity of 2.070.1 dB/m�1 was
obtained for a measurement range of 0–2.8 m�1.

Although for shorter measurement ranges, sensors with much
higher sensitivities sensor have been demonstrated [27], the
presented sensor has a similar sensitivity than other fiber based
intensity curvature sensors for similar measurement ranges [26].
Using interferometric techniques, curvature sensors with a sensi-
tivity up to an order of magnitude higher than the presented
sensor have been reported [23,30]. This sensor however is focused
on providing a simpler interrogation scheme and also has the
advantage of using a reflection interrogation scheme which is
simpler to implement in practical applications. Furthermore, the
sensitivity of the presented sensor can be increased while main-
taining the simplicity of the interrogation scheme by increasing
the length of the PCF.
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