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Abstract: A simple and compact fiber bending sensor based on the Mach-Zehnder interferometer
was proposed. A photonic crystal fiber (PCF) with a length of 10mm was spliced by collapsing air
holes with two conventional single mode fibers to consist of an all fiber bending sensor. The
sensitivity of 0.53nm/m ' was obtained at 1586nm for the curvature range from 0 to 8.514 m ™. The
temperature sensitivity was very low. The measurement error due to the temperature effect was about
8.68x10° m'/"C, and the temperature effect in the curvature measurement could be ignored. This
device can avoid the cross sensitivity of the temperature in the curvature measurement.
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1. Introduction

Optic fiber bending sensors owing to the unique
advantages, for instance, the high sensitivity, good
physical stability, and low cost, have been used and
developed in many fields, such as the structural
artificial

mechanical engineering. H. P. Gong et al. presented

deformation, intelligent limb, and
a curvature sensor by using the low-birefringence
photonic crystal fiber (PCF) based Sagnac loop in
2010, they achieved the sensitivity of the curvature
was 0.337nm/m ' for the bending rang change from
0 to 9.9m', and the temperature sensitivity was
about 0.125nm/°C. Among the bending sensors, the
based on the Mach-Zehnder

interferometer (MZI) possess the advantages such as

bending sensors
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the production process is simple and the structure is
compact [1]. The MZI have been commonly made
of an optical fiber and two optical fiber mode
couplers. There are many different methods to
achieve the MZI structure, such as fiber core
mismatch splicing [2—4], a pair of LPFGs [5-7], and
air-hole collapsing of a PCF [8-10]. Our research
group, Zhilong Ou et al., proposed a bending vector
sensor based on the seven-core PCF using lateral
offset splicing, we obtained the maximum curvature
sensitivity was 1.232nm/m ', and the temperature
sensitivity was 0.011 nm/°C [11]. The bending
sensors reported before were usually sensitive to the
temperature.

In this paper, we use a simple method collapsing
air holes of an index-guiding PCF to achieve a PCF
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MZI. The PCF with a length of 10mm was spliced
with collapsing air holes between two single mode
fibers (SMFs). Because of the structure of air holes
in the PCF, the interference was induced only by
core modes rather than cladding modes in the PCF.
We achieved a temperature insensitive bending
sensor based on the PCF-MZI, and the bending
sensitivity was 0.53 nm/ m ' at 1586 nm for the
curvature range from 0 to 8.514 m'. These
sensitivities were higher than that of the Sagnac
loop-based curvature sensor (0.337 nm/m™') [1].
When the temperature changed from 30 °C to 120 °C,
the wavelength variation was about 0.46 nm at
1520nm, and the sensitivity was small enough to be
ignored.

2. Experimental setup and principle

In our experiment, the PCF cross sectional view
is shown in Fig. 1(b), the diameter of the pure-silica
core was about 5.63 um, and the air holes with
diameter of 2.59 um were arranged in seven layers.
The pitch between two air holes was 3.98 um, and
the cladding diameter was about 125 pum.

Collapsing region Collapsing region
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Fig. 1 Cross section of the PCF and schematic of the
PCF-MZI: (a) cross section of the PCF and (b) schematic of the

PCF-MZI consisting of two series-wound collapsing regions of
the PCF.

Figure 1(a) shows the schematic of the PCF-MZI
consisting of two series-wound collapsing regions of
the PCF. When the light is spread into the first
collapsing region, the higher order mode is excited,

a strong mode coupling occurs, and the light energy
is coupled from the fundamental mode to the higher
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order mode. While the high order mode is
re-coupled back to the fundamental mode at the
second collapsing region, the interference
happens in the MZI, and the total intensity can be
given by
27mAn . L
I(A)=1,(A)+1,(A)+ 21, (A),(A) cos(Teff)
(1
where (1) and I,(1) are the powers of two
interference modes at the wavelength of 1, L is the
length of the MZI, and An

difference of the two modes, which is defined as

. 1s the effective index

__ . core HOM
Ancff Sl — e (2)
core HOM .
where ng° and n, ~ represent the effective

mode refractive indices of the fundamental mode
and the high order mode, respectively.

At the second collapsing region, the phase
difference generated in the PCF between the two
modes can be defined as

A$" =27An L1 2, . 3)

Transmission dips appear only when phase
matching is satisfied with A¢” = (2m +1)7. We can
obtain

L “
" 2m+1)
where m is any integer, and 4, is the resonance dip
wavelength. With the change in the curvature of the
fiber, the optical path difference between the two
modes will change, and it will induce the shift of the
dip wavelength. We can measure the fiber curvature
by measuring the shift of the dip wavelength.
Figure2(a) shows the effective refractive of LPy,
and like-LP;; as a function of the wavelength
analyzed by the finite element method (FEM;
COMSOL 3.5). According to Fig. 2, the effective
refractive difference between the LPy; and like-LP;
mode is calculated to be An, =1.65x107 at
1550nm. The mode field distributions of LPy; and
like-LPy; are shown in Fig.2(b).
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Fig. 2 Image of the effective mode refractive indices and the
mode filed: (a) the effective mode refractive indices of LPy; and
like-LP;; and (b) the mode filed contribution of LPy and
like-LPll by the FEM.

3. Results and discussion

The experimental setup of the MZI for the
bending sensor is shown in Fig.3. The length of the
PCF was 10mm, A broad-band super luminescent
light-emitting diode (SLD) optical source (1250nm
— 1700 nm, B&A Technology SL3200, China) and
an optical spectrum analyzer (YOKOGAWA
AQ6370B) with the 0.02-nm spectral resolution
were connected to the MZI to measure the
transmission spectra as the curvature changes. The
fiber including the PCF-MZI was attached to a
17.5-cm-length copper sheet. In order to avoid the
influence of twist, only the two ends of the fiber
were fixed at opposite ends of a copper sheet. The
copper sheet was placed at the middle of two fixed
holders. The distance between two holders was
170 mm. The fiber was bent by depressing the center
of the copper sheet with a micrometer driver. So we
could measure the curvature by the change in the
displacement [11]. This device could ensure the
fiber does not bend to any other orientation. The

curvature (C) of the sensor is given by [13]

2d
@ ®

where d is the displacement at the center of the MZI,
and L is the half of the distance between the two
holders.
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Fig.3 Schematic diagram of the experimental setup for the
bending sensor.

The transmission spectrum at the
temperature of the PCF MZI with the length of

10mm is shown in Fig.4. The high contrast ratio of

room

the interference pattern was obtained to be more
than 10dB. The fringe period A4 was 14.13nm at
1550 nm. At A, the fringe period AA of the MZI
spectrum is determined by
/12
An

AL =

- (6)
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Fig. 4 Transmission spectrum of the sensor.

Using (6), the effective mode refractive indices
difference An.s between the fundamental mode and
higher order mode around 1550nm is calculated as
Ang =1.7x107, which is almost consistent with
the theoretical value (An,, =1.65x107) calculated
by the FEM. It is indicated that the interference
pattern is resulted from the phase difference
generated in the PCF between the LPy, and like-LPy,
modes.

Figure 5 shows the wavelength shift with an
increase in the curvature in the curvature range from
2m' to 8514 m'. The bending sensitivity at
1586nm was obtained to be 0.58nm/m™' by linear
fitting.
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Fig. 5 Relationship of the curvature with the wavelength.

The MZI sensor was placed in a cylindrical
heater oven to measure the temperature sensitivity in
the temperature range from 30 °C to 120 ‘C with the
step of 10 ‘C. The dependence of the wavelength
shift upon the temperature is shown in Fig.6. We
can observe that the wavelength shift is weakly
dependent on the temperature, and the wavelength
shift is less than 1nm in the temperature range from
30 C to 120 'C. Compared with the maximum
bending sensitivity, it is enough small to be ignored.
So, we think the device can work as a temperature
insensitive bending sensor.
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Fig. 6 Relationship of the wavelength shift with the
temperature.

4. Conclusions

In summary, a bending sensor was achieved by
using a PCF with the length of 10mm fusion spliced
with two SMFs. And the high sensitivity of bending
at 1586nm was obtained to be 0.53nm/ m' in the
curvature range of 2m ' to 8.514m . Moreover, the
temperature sensitivity was relatively small, which
ensured the MZI with the advantage of avoiding the
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crosstalk of the
measurements.

temperature  in  bending
The fabrication process of the
bending sensor that we proposed was simpler than
that of the grating-based bending sensors, and the
cost was low. It indicates that the device can be used
as a temperature-independent bending sensor and

has the potential for curvature sensing applications.
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