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Wide Range Fiber Displacement Sensor Based on Bending Loss
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A wide range fiber optic sensor system for displacement and crack monitoring is developed. In the proposed fiber optic sensor
system, a number of fiber loops are formed from a single fiber and each fiber loop is used as a crack or displacement sensor. The
feasibility and the dynamic range of the fiber sensor developed in this manner are investigated experimentally. Both glass fibers and
plastic fibers are used in the experiments. Experimental results show that the new fiber optic sensor has a wide range (maximum
range is 88mm) and this sensor also has a high sensitivity for displacement and crack monitoring when an appropriate diameter
of the fiber loop is selected as the sensor. Moreover, the proposed method is very simple and has low cost, so in situ application
potential of the proposed sensor is high.

1. Introduction

In the past forty years, fiber optic sensors have been used
in different fields for various purposes because of their
advantages, such as small size, lightweight, immunity to
electromagnetic interference, and high sensitivity. A number
of fiber optic sensors have been developed for displacement
or crack monitoring. Rossi and Le Maou [1] first embedded
optical fibers in concrete to detect cracks from the complete
disappearance of signal in the fibers caused by the cracks.
Ansari and Navalurkar [2] embedded fiber loops in cementi-
tious composites to measure crack tip opening displacements
based on the macrobend effect of fibers. Ohno et al. [3]
described the principle of optical fiber strain sensors using
a Brillouin optical-domain reflectometer (BOTDR). Leung
et al. [4, 5] developed a “zig-zag” crack fiber sensor based
on optical time domain reflectometry (OTDR).The “zig-zag”
sensor performs well for small crack monitoring and a priori
knowledge of crack location is not required. Yuan et al. [6]
developed an optical fiber ultrasonic sensor based on Fizeau
interferometer to monitor the existence and development of
microcracks inside concrete structures. Zhang and Ansari [7]
developed a fiber optic laser speckle-intensity crack sensor
which is effective formonitoringmicrocracks.Thefiber Bragg

grating has been also used widely as an optical sensor for its
high strain resolution.

In recent years, plastic optical fibers (POFs) are receiving
the interest of researchers due to their high resistance to
strain, low cost, and ease of handling. The POF is the only
optical fiber that can be installed without any special tool.
Kuang et al. [8] attached POFs on concrete beams to detect
crack initiation and monitor postcrack vertical deflection.
Later, Kuang et al. [9, 10] developed an extrinsic polymer-
based fiber optic sensor for structural health monitoring.
Liehr et al. [11–13] described the distributed strain measure-
ment capability of POFs for structural health monitoring
using OTDR technique in their papers.

A single fiber optic sensor can monitor a large number
of cracks. This distributed sensing capability of a fiber
optic sensor makes it an attractive sensing tool. However,
traditional glass fibers are brittle and easy to break. As a result,
the measurement range of most glass fibers for crack sensing
is small. The glass fiber breaks when a large displacement or
crack occurs at one location, and then the distributed sensing
capability of the fiber is destroyed. POFs appear to be a good
substitute for traditional glass fibers. However, high optical
attenuation of POFs limits the sensing distance. Husdi et al.
[14] have reported in their paper that the sensing distance
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Figure 1: The crack sensing concept.
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Figure 2: Schematic diagram of experimental setup for glass fibers.

of POFs can reach about 120m using OTDR technique,
while the measurement distance of glass fibers can exceed
10 km with OTDR technique. Therefore, it is still necessary
to find a method to improve the measurement range of glass
optical fibers for crack and deformation monitoring for their
capability of long distance sensing.

In this paper, a fiber sensor system with a large mea-
surement range for displacement and crack monitoring is
developed. For this sensor system, a large number of fiber
loops are formed from a single fiber and each fiber loop can
be used as a sensor, so a priori knowledge of crack location
is not required. In practice, several fibers can be employed to
increase the sensing area. Tests are conducted both on glass
fibers and plastic fibers as described in the following sections.

2. Sensing Principle

As shown in Figure 1, two loops are formed from a single
fiber and each loop is attached to the surface of a structure
only at two “fixed points” (shown by two small squares in
Figure 1). When a crack occurs, the two fixed points on two
sides of the crack move apart. Therefore, the radius of the

fiber loop changes is reduced gradually with the development
of the crack. At the same time, optical loss is induced at this
location and the optical loss increases with the development
of the crack, which can bemonitored by anOTDR or a power
meter. For the fiber sensors based on OTDR technique, the
loss at one location is independent of that in the other part of
the fiber [5]. Therefore, a single fiber with a large number of
loops can monitor a large number of cracks.

The sensing principle of the fiber sensor proposed here
can be explained by the macrobend effect of fibers. When
a fiber is bent at a location, optical loss is induced at
that location. The mechanism behind the bending loss is
explained below.The refractive index of the cladding is lower
than that of the fiber core. For the straight position of the fiber,
a light that is launched into the core at a low angle measured
from its axis undergoes total internal reflection between the
core and cladding interface. However, when the fiber is bent
some of the light escapes from the core and the cladding due
to the change of the incidence angle. This loss is given by the
following expression [15]:
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Theoretically, there is a critical bend radius for fibers.

When the radius of the bend is bigger than the critical bend
radius, there is no optical loss. On the other hand, when the
radius of the bend is smaller than the critical bend radius, the
optical loss is induced at the bend location. The critical bend
radius is important for the sensor proposed here. The critical
bend radius for both glass fibers and POFs are investigated
experimentally in the following sections.

3. Experimental Setup

Wan and Leung [5] have shown that the optical loss at one
location of a fiber does not influence that at another location
using OTDR. Therefore, the optical loss monitored by an
OTDR at one fiber loop does not influence that at other loops
in the proposed fiber sensor system. In the test, one fiber
loop was bent for a sensor to investigate the capability of the
proposed bending-based sensor in crack monitoring.

3.1. Test Setup for Glass Fiber. As shown in Figure 2, the
experimental setup for glass fibers consists of an OTDR
(MW9076B7), two spools of 500m glass fiber (Corning SM-
28e), and two epoxy blocks used as a crack simulator. In the
test, the light of 1310 nm wavelength is incident into the fiber
using the OTDR.The two fiber spools in the setup are used to
avoid the possibility of the weak backscattered signals at the
fiber loops being overwhelmed in loss monitoring.The crack
simulator can be opened gradually and the optical loss, the
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Table 1: Specification of the fibers used in tests.

Item Unit SMF-28e SK10/SK20
0 core 𝜇m 10 250/500
0 cladding 𝜇m 125 250/500
Max transmission loss dB/km 0.35 (at 1310 nm) 300/180 (at 650 nm)
Max operating temperature ∘C 85 Max 70 Max
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Figure 3: Relationships between optical loss and glass fiber loop
diameter.

Power meterLight source Plastic optical fiber

Figure 4: Schematic diagram of experimental setup for POFs.

diameter of the fiber loop, and the crack opening are recorded
simultaneously.The specific fiber diameter inducing bending
loss is determined by the fiber core diameter, fiber material,
experimental environment, and so forth. In this study, the
specific fiber diameter was tested by experimental methods.
Three group tests were conducted at the same experimental
environment for the glass fiber used in this study. From the
test results shown in Figure 3, when the diameter of the glass
fiber loop is about 17mm, the OTDR canmonitor optical loss
at the location of the fiber loop.

3.2. Test Setup for POFs. The experimental setup for POFs is
shown in Figure 4. The setup is composed of a light source,
POFs, a power meter, and two epoxy blocks used as a crack
simulator. The light with 650 nm wavelength is generated by
a light source and is propagated through the POF. Two kinds
of POFs are used in the test, ESKA SK10 and SK20, made
by Mitsubishi Rayon. The parameters of the POFs and the
glass fibers used are shown in Table 1. Compared to the glass
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Figure 5: Relationships between optical loss and POF loop diameter
(SK10).

fiber, the POFs have a bigger core diameter and a bigger
transmission loss. Similar to the glass fiber, the specific fiber
diameters inducing bending loss in this study were tested by
experimental methods. Test results in Figures 5 and 6 showed
that the optical loss of the two kinds of POFs shows a clear
increasing trend with the decrease of the fiber loop diameter
and bending loss occurs when the diameter of the POF loop
is about 17mm and 29mm for SK10 and SK20, respectively.

4. Experimental Results and Analysis

For crack monitoring using fiber sensors, the relationship
between the optical loss and crack openings is very impor-
tant. For this reason, the optical loss versus the crack opening
relation is studied in this paper.

4.1. The Experimental Results with the Glass Fibers. The
optical loss of the glass fibers increases gradually with the
increase of the crack opening and the measurement range
can reach 26mm, as shown in Figure 7. The loss increases
slowly with the crack opening initially, but later it increases
at a much higher rate. From these results, one can see that the
optical loss rate increases noticeably when the crack opening
exceeds 10 or 15mm and the diameter of the fiber loop is less
than 14 or 12.5mm. In the test, theOTDR exceeds its dynamic
range when the diameter is reduced to 9mm due to high
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Figure 6: Relationships between optical loss and POF loop diameter
(SK20).
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Figure 7: Dependence of optical loss and glass fiber loop diameter
on crack opening.

optical loss. From Figure 7 it can be seen that in the high-
loss region the fiber is more sensitive to the crack opening
displacement, and in the low-loss region it is less sensitive to
this displacement. Therefore, it is desirable to have the fiber
diameter smaller than 14mm to maintain high sensitivity of
the sensor.

4.2.The Experimental Results with the POFs. The experimen-
tal results with the POFs are shown in Figures 8 and 9. Similar
to the experimental results for the glass fiber discussed
above, the optical loss of the two kinds of POFs shows a
clear increasing trend with the development of the crack.
The maximum measurement ranges of the SK10 and SK20
are 50mm and 88mm, respectively. Compared to SK10, the
optical loss measured in SK20 at its maximum measurement
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Figure 8: Dependence of optical loss and POF fiber loop diameter
on crack opening (SK10).
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Figure 9: Dependence of optical loss and POF fiber loop diameter
on crack opening (SK20).

range is higher as shown in the results because of its larger
core diameter. Moreover, the sensitivity of SK20 for crack
monitoring is higher than that of the SK10, especially when
the crack opening is small. Therefore, the POFs with a bigger
core diameter perform better for crack monitoring. Similar
to the sensor made of glass fibers, it is important to choose
an appropriate initial diameter for the sensor in practice due
to different rates of optical loss at different phases of crack
opening.

5. Comparison with Previous Works

In the previouswork by Leung et al. [4, 5], they also developed
a crack sensor based on glass fibers. The crack sensor
performs well for small crack (crack openings below 2mm)
monitoring. The glass fiber sensor presented in the present
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paper is quite different from the sensor proposed byWan and
Leung. Our sensor mainly focuses on the monitoring of large
cracks (crack openings between 0mm and 26mm). Since the
two sensors are both made of single mode glass fibers, it is
possible to combine the two sensors in field applications.

Kuang et al. [8] applied POFs on crack detection and
vertical deflection monitoring in concrete beams. They
created structural imperfections on POFs by abrading the
surfaces of the POFs. Therefore, their POF sensor has a high
sensibility due to the structural imperfections. However, the
high sensibility will cost its dynamic range inevitably. Our
POF sensor made of POFs without structural imperfections
has a wide range in crack monitoring. It is also possible to
combine the two POF sensors in field applications.

6. Conclusions

A very simple, distributed fiber optic sensor system for
displacement and crack monitoring is proposed. The sensor
system is built by bending the fiber and forming several
loops from a single fiber. Then the same number of cracks
as the number of loops can be monitored by the single fiber.
The fiber sensors have a large measurement range (26mm
for glass fiber SMF-28e and 88mm for POF SK20). This
investigation shows that the POFs have a high potential for
displacement or crack monitoring because of its low cost and
relative ease in handling.

This bending-based fiber sensor presented in this paper
can be combined with other high precision fiber sensors.
Future work on this fiber sensor will involve investigating its
monitoring capability in real structures.
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