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a  b  s  t  r  a  c  t

A  highly  sensitive  tilt angle  sensor  based  on an all-photonic  crystal  fiber  interferometer  (All-PCFI)  was
proposed  and  demonstrated  in this  paper.  The  All-PCFI  was  formed  by  a  PCF  with  two  collapse  regions  that
were  fabricated  by fusion  discharge  technique.  Then a device  formed  by  cantilever  beams  and  iron  ball
was  designed  to transform  the  tilt  angle  to the  strain,  which  would  be  detected  by  measuring  the spectral
responses  of  the All-PCFI.  Experimental  results  showed  that  the  spectrum  would  be  red-shifted  when
the  tilt  angle  changed  from  0◦ to 90◦. And  in the  measurement  range  of  0◦–45◦, the  linear  measurement
sensitivity  could  be  up to  55.67  pm/◦. In addition,  the  sensor  could  measure  the tilt angle  in  all  directions
by  demodulating  signals  of the  four  cantilever  beams.

©  2016  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Tilt sensing is an important process in many engineering, mili-
tary fields and aerospace. Therefore, the tilt sensor has been widely
studied. All-fiber sensing merits are well known to be small, to
transmit over long distance, to be immune to Electro Magnetic
Interference (EMI), which are also especially suitable for tilt sens-
ing applications. The previously proposed optical fiber tilt sensors
were almost based on fiber Bragg grating [1–6]. In those references,
the tilt angle were determined by demodulating shifts of the fiber
Bragg grating (FBG) center wavelength when the tilt angle changed.
However, the methods used FBG were not perfect because the tem-
perature cross sensitivity issue and the complex production process
of the FBG. Therefore, In 2014, Lee et al. proposed a new in-line
Mach-Zehnder (M-Z) interferometer which was fabricated by a SMF
with two tapers to measure the directional tilt and the sensitivity
could reach to 335 pm/◦ [7]. But the temperature cross sensitiv-
ity issue still existed. In addition, the proposed sensor was  fragile
and could only measure the directional tilt angle, which usually
could not meet the needs of the project. Therefore, a kind of low-
sensitive temperature, strong and all directional tilt angle sensor
was badly needed. As everyone known, photonic crystal fiber (PCF)
had been widely studied because its unique properties especially
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low temperature sensitivity, which was caused by a very low ther-
mal  expansion coefficient (TEC) and low thermo-optics coefficient
[8]. And the investigators have been illustrated a series of in-line
PCFIs formed by splicing two  single mode fibers (SMFs) in the PCF
and applied to the measurement of various parameters [9–12].
Meanwhile, the All-PCFI was  proposed and applied to sensing field
[13,14].

In this paper, a strong, low-sensitive temperature and highly
sensitive tilt angle sensor based on a reflective intensity mod-
ulated All-PCFI was proposed and demonstrated. The proposed
All-PCFI was  formed by fabricating two collapse regions in the PCF
through fusion discharge technique. And then the end of the sec-
ond collapse region was plated with the silver film to increase the
reflective intensity. The sensor had a smaller size due to the reflec-
tion type structure. Meanwhile, the proposed sensor was  strong,
low-sensitive to temperature and easy to fabricate.

2. Operating principle

2.1. Operating principle of the all-PCFI

Fig. 1(a) shows the schematic diagram of the proposed reflected
All-PCFI, which was  formed by a PCF with two  collapse regions fab-
ricated by fusion discharge technique, as shown in Fig. 1(b) and
(c).

The PCF with two collapse regions forms an M-Z  interferome-
ter. The input optical signal launches into the PCF and propagates
in the core of the PCF with the fundamental mode and the effec-
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Fig. 1. (a) schematic diagram of All-PCFI (b) the first collapse region of the PCF under the microscope (c) the second collapse region of the PCF under the microscope.

Fig. 2. (a) the fundamental mode of the PCF (b) one of the cladding modes (c) the electric field distribution when the light through the first collapse region.

Fig. 3. the simulation spectrum of the All-PCFI.

tive refractive index was 1.4475665, as shown in Fig. 2 (a). When
the light propagate through the first collapse region, a part of lights
excite the cladding modes, as shown in Fig. 2(b) and the others
continue to propagate forward along the core of PCF with the fun-
damental mode. Fig. 2(c) wis the optical field distribution when
the lights through the first collapse region, which proved that the
cladding modes have been excited.

When the lights (core mode and cladding modes) arrive to the
second collapse region and silver film, the lights were reflected
and returned back. Then the reflected cladding modes would re-
coupling back to the core of the PCF and interfere with the reflected
core mode light in the first collapse region. Because of the phase
difference between the core mode and the cladding modes, an
interference output could be observed, as shown in Fig. 3. Fig. 3
is the spectrum simulated by Rsoft, which proved the existence

of M-Z  interference. It is noted that the interference spectrum was
uneven, which may  be caused by stacking multiple cladding modes.

The interference spectrum could be analyzed by using a simple
two-mode interference model, which had been widely used in this
field to qualitatively analyze the fiber mode interference:

Iout = Icore + Icladding + 2
√

IcoreIcladding cos ı (1)

where Icore and Icladding were light intensities of the core and
cladding modes, and ı was  the phase difference between cladding
modes and core mode, which could be expressed as

ı = 2�L

�
× �nneff (2)

where � was the centre wavelength of the light and the �nneff was
the effective index difference, which could be defined as:

�nneff = nneff
core − nneff

clad
(nneff

core > nneff
clad

) (3)

when the PCF was bent or stretched, photo-elastic effect would
happen and cause the refractive index profile of the fiber changed.
Thus the RI difference, i.e. �nneff was  changed.

It could be seen from the Eq. (1) that the interference light inten-
sity got the minimum when the phase difference ı was an odd
multiple of � and it could be expressed as

(2K  + 1)�  = 2�L

�
× �nneff (4)

where the K was  the natural number. And the dip wavelength of
the interference spectrum could be expressed as

�min = 2L × �nneff

2K + 1
(5)

Therefore, when the �nneff changed, the dip wavelength of the
interference spectrum would change. Above analysis showed that
the strain could be measured by recording the wavelength shift of
the interference spectrum recorded by optical spectrum analyser
(OSA).
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