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Roberto Rojas-Laguna, and Eduardo Huerta-Mascotte

Abstract—1In this letter, a highly sensitive curvature sensor
arrangement based on an abrupt tapered fiber (ATF) concate-
nated with an all-fiber micro Fabry—Pérot interferometer (MFPI)
is presented. Here, as the ATF is bent, the MFPI spectral
fringes contrast decreases. In addition, the curvature sensitivity
is considerably enhanced due to the use of the ATF. Finally,
it is shown that with this arrangement, at 1530-nm wavelength,
it is possible to detect curvature changes with a sensitivity
of 11.27 dB/m~! and a curvature resolution of 8.87 x 10~3 m~1
within the measurement range of 0 — 3.5 m—1.

Index Terms— Optical fiber sensors, Fabry—Pérot interferom-
eter, tapered fiber, curvature.

I. INTRODUCTION

INCE long time ago, fiber optic sensors have been widely

studied due to their multiple applications and features
such as compactness, low cost, immunity to electromagnetic
interference and high sensitiveness. Particularly, all-fiber optic
curvature sensors have won special interest because of their
flexibility to be used in different potential applications, for
instance in robot arms and monitoring structural deformations
of buildings [1]. Therefore, multiple fiber optic arrangements
for bend sensing can be found in literature, which are based
on different optical devices, as for instance: long period fiber
gratings (LPG) written in D-shaped optical fibers [2], a pair
of LPG [3], LPG inscribed in holey fibers [4], and hybrid
LPG with a tilted fiber Bragg grating [5], etc. Furthermore,
optical curvature sensors based on modal interferometers have
been also reported. Some of these arrangements are based
on uniform fiber Bragg gratings [6], [7], tapered photonic
crystal fiber [8] and two concatenated tapers to enhance the
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sensor sensitivity [9]. Moreover some designs based on micro-
cavity Fabry—Pérot interferometers, fabricated within micro
structured holey fibers, have been proposed [10]. In general,
interferometric optical sensors are widely used since these
have excellent optical properties [11]-[13] and additionally
because of these are relatively easy to manufacture and fairly
inexpensive since usually only a fusion splicer is required for
their implementation.

In this letter we present a highly sensitive curvature sensing
scheme based on an abrupt tapered fiber concatenated with
a micro Fabry—Pérot interferometer (MFPI). This MFPI is
implemented in a hollow core photonic crystal fiber (HCPCF).
Here, the interferometer’s cavity is an air microbubble which
was fabricated by applying electric discharges to the HCPCF
with a conventional fusion splicer. Afterwards, this MFPI was
concatenated with an ATF in order to modify the modal field
diameter (MFD), which enhances the curvature sensitivity.
In this way the MFPI fringes contrast decreases as the ATF is
bent. This allowed our sensing arrangement to detect curva-
ture changes with high sensitivity. Finally some experimental
results and conclusions are provided.

II. FABRICATION OF THE SENSING ELEMENT

The sensing element used in this letter was based on a MFPI
concatenated with an ATF. The fabrication process of the
MFPI was described in detail by [14]. In figure 1 steps of the
procedure followed to fabricate the sensing element are shown.
Basically, this procedure involves the next steps: 1) A micro
structured fiber segment (HC-1064-19 Cells Fiber Crystal) and
a single mode fiber (SMF), are cleaved at right angle and
afterwards are placed on a conventional splicer (Fitel-S175)
at the reference position (the electrodes get positioned between
the two fibers) (Fig. 1-a); 2) Both fibers are displaced a
distance D = 80 um from the reference position, at this stage
the splicer electrodes get over the SMF (Fig. 1-b); 3) Both
fibers are coupled and spliced without collapsing the HCPCF
holes; 4) The spliced fibers are displaced a distance L in
backward direction, here the electrodes get over the HCPCF
(Fig. 1-c); 5) The HCPCF gets broken by applying multiple
electric discharges and finally an air MFPI is obtained at
the tip of the SMF (Fig. 1-d). Moreover, the obtained MFPI
(Fig. 2-a) has a thin silica wall of thickness / (Fig. 1-d).
It is important to mention that the displacements D and L
were performed by using the manual mode of the fusion
splicer and after each one of the applied electric discharges
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Fig. 1. a) - ¢) Steps of the MFPI fabrication process, d) reflections involved

in the MFPI, and e) diagram of the MFD modified at the ATF.

Fig. 2. Pictures of a) the MFPI and b) the ATF.

the alignment process was not used. Finally, to obtain our
sensing element, at the other end of the SMF with the MFPI,
the segment with the ATF was spliced (Fig. 1-e). The taper
was based on standard fiber (SMF-28) and it was fabricated
by using a Vytran glass processor system. The ATF (Fig. 2-b)
used in this letter had a diameter of 60 um and a length
of 2.8 cm. Here it is important to mention that the ATF bending
sensitivity increases as its diameter gets narrowed. Therefore
for characterization purposes we tried with different ATFs and
it was observed that for narrow diameters these were very
fragile and often easily get broken when curvature was applied.
In our case ATFs with diameters over the 60 xm were more
resistant and supported without problem the mechanical stress
induced by bending. For this reason, we decided to use an
unpacked ATF with 60 um which was sufficiently resistant
for our sensor characterization purposes. Here, in order to
protect the ATF the curvature was applied over the flexible
iron sheet (Fig. 3).

III. EXPERIMENTAL SETUP

The experimental setup used to carry out the curvature
measurements is shown in figure 3. Here, the light of
a pigtailed diode laser, emitting at A = 980 nm and delivering
a maximum output power of 200 mW, was coupled to a wave-
length division multiplexer (Qphotonics QFBGLD-980-200)
to pump an erbium doped fiber (Newport F-EDF-T3) of 3.4 m
length. Afterwards, the luminescence generated by the EDF
travels towards the sensing device (ATF-SMF-MFPI) through
the circulator (Thorlabs 6015-3), from the port 1 to the port 2.
Finally, the reflected interference spectrum of the MFPI was
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monitored at the port 3 of the circulator by using an optical
spectrum analyzer (OSA, Yokogawa AQ6370C), which was
set with a resolution of 0.02 nm.

Here, the tapered fiber segment was fixed to a flexible iron
sheet, which was suspended over two lateral slots. The distance
between the two slots is 25 = 9 cm. The ATF’s center was
positioned just in the middle of the metallic sheet. At this
point, but in the other side of the iron sheet, a micrometer
screw was also positioned in order to induce a fiber bending
(see inset of Fig. 3). In this arrangement the curvature can be
easily calculated by using the formula:

c 1 2h 1
R W24 82 ()
where R is the curvature radius and % is the vertical displace-
ment measured from the center of the metallic sheet without
curvature. Moreover, it is important to mention that due to the
flexibility of the iron sheet and the system design the bending
was induced in a descending form in order to obtain curvature
measurements with high precision.

A. Operating Principle of the Sensing Device

The principle of operation of our sensing device is explained
by means of the interference phenomenon occurring within the
MFPI and by the ATF losses due to macro bending effects.
The interference spectrum of the MFPI used in this letter is
ideally formed by the interference of three reflections, which
are generated at the three interfaces of the MFPI (Fig. 1-d).
The first reflection (R1) occurs at the interface formed by the
silica of the SMF core and the air (Figure 1-d), here the silica
has a refractive index n; = 1.4682. Afterwards the transmitted
light (T1) travels through the main MFPI cavity, which is
an air microcavity with length d and np = 1. Here the
second reflection (R2) is generated. Finally, the transmitted
light beam (T2) propagates a distance / through the third and
last interface, which is formed by the silica and the medium
around the tip of the MFPI, where the third reflection (R3)
occurs. In this case the silica refractive index is considered
as n1 = 1.4682 and as the surrounding medium of the
MFPI is air, therefore n3 = 1. In this way, ideally the
MFPI spectrum will be formed mainly by two superimposed
Fabry—Pérot interferometer (FPI) spectra, one is generated
within the main FPI cavity and the second one within the
thin silica wall at the tip. However, the air cavity and the
silica wall characteristics will depend on some fabrication
parameters such as the distance L and the number of arc
discharges [14]. Therefore, by varying these parameters it is
possible to attenuate the FPI spectrum occurring at the silica
wall, allowing the interference pattern occurring at the micro
air cavity govern the overall FPI spectrum. Hence, in the inset
of figure 4, the measured transmittance pattern of our MFPI
is shown, where it can be observed that it has only one well
defined FPI spectrum with a AA = 8.1 nm. For a single cavity
FPI the separation between two consecutive spectral fringes
it is known as the free spectral range (AA) and it can be
calculated by using the formula [15]:

2
AL = d

=37 2)
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Fig. 3. Experimental diagram of the sensing scheme for curvature measurements.
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Fig. 4. Measured MFPI spectra for different curvature values. Inset: measured
transmittance spectrum for C = 0 m~L.

where A is the reference wavelength and nd is the optical
thickness of the FPI cavity, being for our case n = 1. Therefore
by using (2) it is possible to determine that the length of the
microcavity was around d = 144 ym (Fig. 2-a).

Now, the reflected interference spectrum of the MFPI will
pass through the ATF. Here, let us to recall that when a
fiber optic is bent, with a certain curvature radius, losses
in the guided light transmission will occur [16] since the
field distribution is modified. Consequently, in the fiber seg-
ment where bending is applied some light travelling by the
core will leak to the cladding, reducing the light confined
within the core. Additionally, the curvature sensitivity can
be enhanced by increasing the MFD (Fig. 1-e), which can
be done by changing the contrast between the core and
the cladding refractive indexes An, [17]. For instance, in a
tapered fiber the core diameter is reduced significantly and
therefore An, became almost zero. Consequently, the guiding
in this tapered fiber segment is governed by the interface
cladding-air (Fig. 1-e), which presents a high An, and there-
fore the field distribution covers a significant portion of the
cladding [18], [19]. Therefore, small curvature changes in the
ATF will induce significant losses in the reflected interference
pattern of the MFPI.

IV. EXPERIMENTAL RESULTS
Reflected spectra for different curvature values and gener-
ated using a pump power of 105.6 mW are shown in figure 4.

4 Peak5,10.07 dB/m"”

T T T
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Fig. 5. Measurement of the reflected power for different MFPI spectral
fringes as a function of the curvature.

Here it can be observed that as the curvature increases, the
reflected power is attenuated. This is because of the macro
bending effects occurring inside the ATF, as was previously
mentioned.

As can be seen in figure 4, the curvature sensitivity of
each spectral fringe directly depends on the shape of the
luminescence spectrum of erbium [20]. For example, we
analyzed the behavior of the fringes 1, 2, 3, 4, and 5 which
peaks are centered at wavelengths of 1517.4, 1524.9, 1530.8,
1538.0 y 1553.1 nm respectively (Fig. 4). The reflected power
of each fringe as a function of the curvature is presented
in figure 5. Here it can be observed that exists a strong
relationship between the intensity of the FPI fringes and
the curvature. In our case, for the fringe 3, the maximum
curvature sensitivity achieved was 11.27 dB/ m~! within the
curvature range from 0 to 3.5 m~!. In a previous work, we
reported a curvature sensor where the ATF was not used [10].
In that work we achieved a maximum curvature sensitivity
of 0.3 dB/m~! and a curvature range from 40 — 100 m~!.
Comparing these values, it can be appreciated how the ATF
helps to enhance the overall sensor performance.

Moreover, by considering that the OSA used to perform the
experiments has an amplitude resolution of 0.1 dB, it is possi-
ble to state that the curvature resolution for this arrangement
is in the order of 8.87 x 10~ m~!. Furthermore to ensure
the repeatability of our sensing device, different curvature
measurements tests were performed (Fig. 6), which shown a
standard deviation of +0.23 dB. This implies that our sensor
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Fig. 6. Measured reflected power of the peak 1 as a function of the curvature
for different tests. Inset: measured reflected power of the peak 1 as a function
of the curvature applied in upward and downward direction.

device has excellent repeatability. It is important to point
out that the curvature measurements in downward direction
presents a standard deviation of +0.18 dB with respect to the
first test carried out in upward direction, which means that the
sensor device has a low hysteresis (inset of Fig. 6).

Finally, it is important to mention that drifting errors can
affect the sensor response. The drift can be induced by changes
in the power source, in the temperature of the sensing element
and by aging of the components. In our case the effects due
to temperature of the sensing element can be considered as
negligible since the thermo optic coefficient of silica is very
small (40.5 x 1070 OC_l) [21]. However, the sensor can be
more sensitive to drifting errors due to power source variations
and therefore if necessary an additional compensation stage
must be used. In literature different compensation setups can
be found, as for instance the cross correlation systems, which
are based on two optical channels, one for reference and one
for measurement [22], [23]. A similar stage can be relatively
simple added to our sensing setup, however by the moment
we focused in the characterization of the overall sensing
arrangement which is based on the ATF-FPI structure.

V. CONCLUSIONS

In this letter a highly sensitive curvature sensing
arrangement based on an abrupt tapered fiber concatenated
with a hollow core photonic crystal fiber micro Fabry—Pérot
interferometer was demonstrated. In this arrangement, the
reflected power of the interference pattern, generated by the
MFPI, is modified by the curvature changes applied to the
ATF. Here the abrupt taper was used to enhance the sensor
sensitivity taking advantage of the increment of the mode
field diameter in the cladding zone. Thus, the sensitivity and
the resolution of our sensing arrangement were 11.27 dB/m~!
and 8.87 x 1073 m~! respectively, within the curvature range
from 0 to 3.5 m~!. Our sensing arrangement showed an
excellent repeatability and presented a practically negligible
hysteresis. Finally it is important to point out that the sensing
arrangement can be enhanced by adding a compensation
system to reduce drifting errors.
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