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a  b  s  t  r  a  c  t

In this  paper,  we  present  characteristics  of  a hetero-core  fiber  optic  sensor  in mechanical  vibration  based
on rigid  supported  beam  property  for vibration  monitoring  in  fault  diagnosis  of  the  industrial  equipments.
A  first  configuration  of  the hetero-core  fiber  optic vibration  sensor  was  rigidly  supported  at  two  fixed  ends
as  curved  setting  without  tension  to the fiber.  In order to tune  the  range  of  the  detectable  frequencies
to  be higher  of  the  vibration  sensor,  a second  configuration  was  evaluated,  in which  the  hetero-core
fiber  optics  was  linearly-arranged  with  tension  to the  fiber.  As  a result,  the  both  types  of  the  proposed
hetero-core  fiber  optic  vibration  sensors  could  pick  up  the  free  vibration  from  an  impact  force.  Analytical
natural  frequencies  were  calculated  based  on  an  FEM  fiber  beam  model.  It  was indicated  that  the  natural
frequencies  from  the  experimental  results  of  the  1st configuration  were  appropriate  to the  FEM results
and  a typical  beam  property,  and  could  be tuned  by  the length  between  two  fixed  ends.  Additionally,  the
2nd  configuration  of the  vibration  sensor  with tension  to  the  fiber  enabled  its detectable  frequencies  to
be  dramatically  higher  than  without  tension.

© 2014  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Vibration monitoring and analysis for early detection of failures
in plant machineries and gas turbine engines have been proposed in
various industrial fields [1,2]. In fact, each machine defect produces
vibrations with distinctive characteristics. The diagnosis for iden-
tification of unfault and fault conditions has been implemented by
comparing the actual device model with these mechanical vibration
spectra [3]. The vibration monitoring for on-line monitoring and
fault diagnosis requires capability of real-time frequency-domain
analysis, to be permanently mounted to the machine for the con-
tinuous monitoring without burden on the machine. For these
demands, the vibration analysis approaches have been proposed
and developed for the machine fault diagnosis, which are the FFT
analysis based on DSP for rotating machine monitoring [3] and
multi-channel vibration analyzer based on a low cost FPGA for
motor failures [4]. The target frequency for the machine fault diag-
nosis is with ranging from a few tens to a ten thousand Hz, and
changes with characteristics of the machine [3].

Conventional vibration monitoring techniques have been
widely used based on capacitive or piezoelectric accelerometers
and displacement sensor [5,6]. The accelerometer usually has a
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seismic mass, which induces a force with a given acceleration. The
other conventional sensor, such as a magneto-elastic resonator, has
been proposed to detect extremely localized changes in the mag-
netic field from the vibrations [7,8]. However, the vibration sensors
for the industrial applications are preferred to be unaffected from
the electro-magnetic interference (EMI) noise.

On the other hands, a fiber optic sensor is superior to the conven-
tional electric sensors for the vibration monitoring. This is because
that it is not necessary to supply the power at the sensor itself,
and they are resistant to corrosion and fatigue and immune to
electromagnetic interference. Therefore, it is suitable for the fiber
optic sensor to be permanently mounted to the machine for con-
tinuous monitoring. Additionally, the fiber optic sensors have the
stable transmission line, which enables them to be used for remote
sensing. A poly methyl methacrylate (PMMA) fiber [9] has been
used for the vibration monitoring by means of the displacement
sensing technique. However, it seems to be affected by pressure
and bending to the transmission fiber line because of its multi-
mode propagation characteristics. Additionally, the displacement
characteristics of the PMMA  fiber sensor has positive and nega-
tive slope, so a calibration process is needed in order to select the
proper slope for the vibration detection. A Fabry–Perot interferom-
eter (FPI) and in-line fiber etalon techniques for vibration sensing
have been proposed [10,11]. These techniques have attractive fea-
tures since it can easily be configured within a fiber-optic probe,
however, FPI sensors are sensitive to measurement errors caused
by external vibration, temperature fluctuation and acoustic waves.
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As an alternative to these technologies, we have been devel-
oping hetero-core fiber optic sensors, which have been used
in displacement and pressure sensing [12,13], for deformation
sensing [14]. The hetero-core optical fiber sensors aremade up of
a stable single-mode (SM) fiber and can detect bending curvature
change of a few tenth millimeter in optical loss change. It is also
insensitive to temperature changes of the sensor portion because
the length of the sensing region is as long as a few millimeters so
as not to be affected from the silica thermal expansion.

In this paper, we present characteristics of a newly-developed
hetero-core fiber mechanical vibration sensor for simple fault diag-
nosis of the machine. Picking up the target frequency behavior
enables to monitor the machine status for identification the fault or
unfault conditions. The proposed technique with high robustness
under the harsh environment has possibility in achieving a simple
and real-time fault diagnosis system.

Since the hetero-core fiber optic sensor sharply induces the
optical loss change to curvature change of the fiber, the minute
deformation due to the free vibration of the fiber fixed at the two
ends can be detected by the hetero-core fiber optic sensor. The uni-
form cylindrical fiber plays a role as a beam due to its rigidity from
a silica glass and acrylate coating.

A first configuration of the hetero-core fiber optic vibration sen-
sor is proposed to be a curved setting so as to be without tension
to the fiber. The natural frequency of the fiber is tunable with the
length between two fixed ends. In order to expand the natural fre-
quency range of the fiber, the linearly-arranged fiber with tension
to the fiber is evaluated as a second configuration. It is reported that
the tension to the fiber enabled the detectable frequency range to
be dramatically higher compared to without tension, so that the
hetero-core fiber optic vibration sensor can detect the mechanical
vibration with ranging from a few thousand to a ten thousand Hz.

2. Natural vibration frequency of beam model

Since the cross section of the fiber has double structure of silica
glass and acrylic coating with uniform material along the fiber axis,
Young’s modulus and the area moment of inertial can be considered
to be constant along the fiber axis.

The differential equation of the vibrating beam of uniform cross
section is [15]

∂4
�
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�A
× ∂4
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where, � is the vertical distance from the neutral line, which is a
horizontal line across the cross section through its center of gravity,
E is the Young’s modulus, I is the area moment of inertial, � is the
mass of the beam per unit length, A is the area of the cross section.
Assuming a sustained free vibration at a frequency ω, we have
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using the coefficient �, the differential equation leads the natural
frequency, ω, which is
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For each fixed end of the beam, there are two conditions, which
are
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where, L is the length between the two fixed ends.
Under the condition of rigidly supporting ends, the coefficient

� is inversely proportional to the beam length, L. Therefore, the
natural frequency is inverse to the square of the beam length, 1/L2

Fig. 1. Structure of a hetero-core fiber optic sensor, whose cores of a transmission
line and an inserted hetero-core portion are 9 and 3 �m in diameter, respectively:
(a) a diagram and (b) a photo of cross section along the optical axis.

3. System configuration

3.1. Mechanical vibration measurement using hetero-core fiber
optic sensor

The hetero-core fiber optic sensor consists of a SM transmis-
sion fiber and an inserted fiber portion in a smaller core diameter
than the transmission fiber, as shown in Fig. 1(a). The name of
hetero-core means the difference between the core diameters of
transmission fiber and inserted fiber segment. The fiber segment
with the small core is inserted into the transmission fiber by cleav-
ing and fusion splicing. Fig. 1(b) shows a photo of a hetero-core
splicing boundary-A, which is indicated in Fig. 1(a). As shown in
Fig. 1(b), the hetero-core spliced boundary is uncracked, as a result,
seems to keep the retention of strength. A transmitted light par-
tially leaks into the cladding region at the boundary of the inserted
fiber segment which is a sensor portion. The core diameters of the
transmission line and the inserted fiber segment were employed to
be 9 and 3 �m,  respectively. Fig. 2 shows characteristics of hetero-
core fiber optic bending sensors with the core diameters of 9 and
3 �m,  and 9 and 5 �m in the optical loss change. As shown in Fig. 2,
the optical loss monotonically increases with the bending action of
the sensor portion. A length of the inserted fiber is 1.1 mm.Our pre-
vious work [16] also showed that the hetero-core fiber sensor with
the core diameters of 9 and 3 �m had higher sensitivity to the cur-
vature change than the core diameter combination of 9 and 5 �m.
Additionally, focusing on the small curvature less than 0.03, the
sensor with the hetero-core diameter of 3 �m is sufficiently sen-
sitive to curvature change. Therefore, the hetero-core fiber optic
sensor with the core-diameter of 9 and 3 �m has possibility to
detect minute deformation of the fiber by the mechanical vibration.

Fig. 3 shows that configurations of the hetero-core fiber optic
mechanical vibration sensor with the two  fixed ends. In the first
configuration shown in Fig. 3(a), the hetero-core fiber optics was
arc-like arranged, in order that the fiber could keep tensionless
along the fiber axis. The hetero-core sensor portion was located at
the center between the two  fixed ends. A free supporting point was
put at the center between the two fixed ends on the base, which
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