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Abstract: A fiber-optic delay based strain sensor with high precision and temperature insensitivity
was reported, which works on detecting the delay induced by strain instead of spectrum. In order to
analyze the working principle of this sensor, the elastic property of fiber-optic delay was theoretically
researched and the elastic coefficient was measured as 3.78 ps/km-ue. In this sensor, an extra
reference path was introduced to simplify the measurement of delay and resist the cross-effect of
environmental temperature. Utilizing an optical fiber stretcher driven by piezoelectric ceramics, the
performance of this strain sensor was tested. The experimental results demonstrate that temperature
fluctuations contribute little to the strain error and that the calculated strain sensitivity is as high as
4.75 pe in the range of 350 pe. As a result, this strain sensor is proved to be feasible and practical,
which is appropriate for strain measurement in a simple and economical way. Furthermore, on basis
of this sensor, the quasi-distributed measurement could be also easily realized by wavelength division
multiplexing and wavelength addressing for long-distance structure health and security monitoring.
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1. Introduction

In order to ensure the safety of personal and public property, the precise and real-time monitoring
of strain becomes more and more important in all kinds of engineering applications, such as chemical
plants, gas stations, power stations, bridges, tunnels, oil pipelines, etc. [1-5]. In general, these
application environments full of poisonous gas, intense radiation, and elevated temperature are
dangerous to human health, so safe and efficient remote monitoring of strain is of great significance.
Compared with conventional electrical sensing methods, an optical fiber strain sensor is more suitable
for present applications because of its compact size, high sensitivity, multiplexing capability, immunity
to electromagnetic interference, high temperature tolerance, and resistance to harsh environments.
As a result, different types of fiber optic-based strain sensors have attracted attention from all over the
world during recent decades.

Up to now, a great amount of optical fiber strain sensors have been reported and partially
commercialized. When concerning the difficulty levels of system structure and measuring principle, the
Mach-Zehnder (M-Z) interferometer-based strain sensor is the simplest with very high strain sensitivity,
but the cross-effect of temperature and strain is very hard to avoid. To overcome the drawback,
a special fiber is used for strain measurement, which has a diameter of only 5 ym. The diameter
of this fiber is much smaller than that of a typical single mode fiber (SMF), so that this fiber is
extremely insensitive to environmental temperature [6,7]. For realizing the miniaturization of the
system structure, the fiber in-line M-Z interferometer has become the main research focus in this field.
Currently, the technical methods to realize this kind of fiber in-line M-Z structure are various, like
the single-mode-multimode-single-mode structure [8,9], the mode mismatched fusion [10,11], and the

Sensors 2017, 17, 1005; d0i:10.3390/s17051005 www.mdpi.com/journal/sensors


http://www.mdpi.com/journal/sensors
http://www.mdpi.com
http://www.mdpi.com/journal/sensors

Sensors 2017, 17, 1005 2of 14

waist distorted subuliform fiber [12,13]. Furthermore, a fiber in-line M-Z interferometer is verified to
have a strain sensitivity of 0.43 pe within the range of 500 pe [14]. In addition, a strain sensitivity of
15 pe and a tempereture sensitivity of 10 °C within the range of 500 pe are obtained in another fiber
in-line M-Z interferometer [15]. Similarly, the fiber in-line Fabry-Pérot (F-P) interferometer is also a
research focus in this field. In terms of fabrication, the structure of the fiber in-line F-P interferometer
is easier to realize with natural temperature insensitivity; thus it is more suitable for a fiber-optic
strain sensor. At present, the research focus of this technology is to simplify the fabrication process
and broaden the shape of the F-P cavity (not limited to a rectangular cavity), in ways such as using
micro-electromechanical systems (MEMS) as the two reflecting surfaces of F-P cavity [16,17], using a
CO; laser or a femtosecond pulse laser for micro-structure fabrication [18] or the assistant chemical
corrosion [19] and so on. Additionally, the fiber in-line F-P interferometer is able to realize a strain
sensitivity of 13.5 pe [20], a sensitivity of 19.6 pe at the range of 600 pe [21], and a sensitivity of
10 pe [22]. However, the fiber in-line F-P interferometer is still not suitable for commercial applications
right now becasuse of its high cost.

On the contrary, Fiber Bragg Grating (FBG) has become the most mainstream technique, developed
in an economic way to be applied in bridges, concrete, and dams for strain measurement. Nevertheless,
the cross-effect of temperature and strain is a big issue as well for strain measurement. At present,
the commonly used solutions are utilizing speical matrials or structures to make FBG temperature
insensitive [23,24] or introducing one more FBG as reference [25]. In addition, the strain sensitivity of
FBG could be as high as 3 pe.

Similarly, the Brillouin optical time-domain reflectometer-based (BOTDR) distributed strain sensor
is also marred by the cross-effect of temperature and strain [26-28], the performance of which has
reached a spatial resolution of 5 cm and a strain sensitivity of 63 pe [29,30]. At present, the biggest
problem with this technology is that the higher the spatial resolution required, the narrower the pulse
laser that is needed, which may limit its transmission distance. As a result, the high cost and high
requirement of the sensor system make this technology uncompetitive.

Furthermore, with the rapid developement of these sensor technologies, fiber-optic strain sensors
have been widely applied for structural monitoring in recent years. Among these applications,
BOTDR and FBG techniques are the most commonly used for distributed and quasi-distributed
monitoring, respectively [31]. Glisic performed a large scale test on a 13 m long concret pipeline
with an exterior diameter of 30.48 cm, and a BOTR-based distributed sensor was placed along its
length [32]. The main goal of this work is to achieve real-time monitoring of pipelines that are subject
to permanent ground displacements induced by earthquakes. In addition, by addressing the effects of
the initial non-circular cross section of a pipeline under internal pressure, the cross deformation of
this non-circular pipeline was measured with a BOTDR-based distributed sensor deployed helically
on it [33]. Except for pipelines, the health monitoring of bridges is also of great significance. During
the construction of the Streicker Bridge, a distributed sensor and many FBG sensors were embedded
in the concrete. These sensors work to acquire the important data related to the global performance
of the structure, i.e from the early behavior of the concrete to the identification of damage, which is
unprecedented [34]. In another application, a multiscale fiber-optic sensing network composed by
FBG- and BOTDR-based sensors is employed to realize a large measurement range and to achieve a
higher sensitivity [35]. Moreover, in practical applications, the sensing capability could be enhanced
by incorporating distribued sensors and FBG sensors, and this combination is effective for achieving a
larger measurement range [36].

Compared with all these optical fiber strain sensors mentioned above, the strain sensor proposed
in this paper uses a normal single-mode fiber as the sensing and transmission medium, which makes
it more cost-efficient and practical. This sensor no longer relies on precise spectrum measurement but
realizes strain monitoring by measuring the phase delay induced by strain. Due to the compact size
and low price of phase delay detector, this sensor is easy to integrate. In addition, this sensor could
achieve a higher strain sensitivity without being affected by the cross-effect of temperature. As a result,
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when this strain sensor is used for monitoring infrastructures, because of its basic properties, an overall
low cost and high precision could be achieved with self-temperature compensation. The working
principle of this strain sensor endows itself with a higher environmental tolerance and a low spatial
limit. In addition, quasi-distributed strain measurement can be achieved through wavelength division
multiplexing and wavelength addressing, so this sensor also shows great potential for long distance
structure health and security monitoring.

2. Theoretical Basis and Sensing Principle

2.1. Theoretical Basis of Fiber-Optic Delay

For a stable optical fiber that is isotropic, uniform, and linear, its optical properties are very
stable when not being affected by mechanical stress, and that means that the optical fiber has a
constant refractive index profile (RIP). However, when being affected by mechanical stress, the RI of
the fiber will be changed, and the variation of Rl is the explicit function of the stress tensor. In the
Cartesian coordinate system, the strain tensor has six independent components, which are three axial
components, £xy, €y, and e (i =j), and three shear components, e, €2y, and ey (i # j). Similarly, the
stress tensor also has six independent components, which are oyy, 0y, and 0;; and 0z, 02y, and oyy,.
Due to Hooke’s law, under the range of elastic deformation, strain is linearly related to stress, and the
relationship can be expressed as:

6
g = Z hi;d; (i,j = xx,yy,22,yz,2X, xY), 1)
j=1

where each coefficient, according to the symmetry of coordinate axis, has an inner connection as
hij = hj; instead of being absolutely independent. However, in most of the practical instances in which
the optical fiber may be affected by mechanical stress, the fiber is commonly placed or embedded in
building walls, bridges, concrete, or some other enclosed structure, being used as a sensitive component
to realize the measurement of strain or stress [37,38]. Under this condition, because of the special
properties and characterizations of these enclosed structures, the shear deformation can be ignored
and only the longitudinal stress is concerned (0x = ¢y = 0), so that the relationship between strain and
stress can be simplified into [39]:

S [ (T (0 O @
YT AY | B AYl )
£ 1 —-v —v 1 1

Here, Y is the Young’s modulus, v is the Poisson’s ratio, F is the longitudinal mechanical force,
and A is the cross-sectional area of fiber. In addition, the variation of RI can be expressed as:

1 o[ Anx P P2 P12 €x p1iex + pr2(ey +ez)
A(ﬁ) =5 My [=]| P2 1 opo ey | = | pugy+pnlexte) |- 3)
An, P12 P12 pn € p11€z + pr2(ex +&y)

Introducing Equation (2) into Equation (3), the variation of RI could be finally obtained as:

Any _pp [ A-vp2—vpn
Any = W (1 — U)plz — vpll . (4)
An, p11 — 20p12

As for a single-mode optical fiber, only the fundamental mode could transmit in the fiber, and
it consists of two modes with perpendicular polarization directions, which are LPXy; and LPYy,
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respectively. Since the light waves transmitting in the single-mode fiber are substantially transverse
waves, the variation of RI approximately satisfies An = Any, = Any, so as to derive its expression as:

—n®[(1—v)p12 — vp11]
2

An =

€, = YNey, ®)

where py, and py; are the elastic-optic parameter of fiber and ¢ = —n?[(1 — v)p12 — vp11]/2 can be
regarded as the effective elastic-optic coefficient.

In addition, when transmitting in a certain length of optical fiber, the optical signal will be delayed
and the delay is determined by the optical path. If the fiber dispersion is not considered, the delay of
the optical signal can be expressed as T = Ln/c, where L is the length of optical fiber, c is the speed of
light in a vacuum, and # is the refraction index of the optical fiber. In fact, fiber optic delay is strain
dependent because of its elastic property, so that the variation of delay is:

(n+An)(L+AL) nL
c c’

AT =

(6)

Here, AL and An are the change of length and the refractive index of fiber caused by the longitudinal
stress, respectively, and the equation meets the condition An - AL < 0. Furthermore, because the
longitudinal deformation is so small that AL and An are both infinitesimal, the approximate expression
AL - An = 0 is obtained. Consequently, the variation of delay can be calculated using Equations (5)
and (6):

_AL-n
o

AT

(1+7). 7)

In general, the value of the effective elastic-optic coefficient meets, —1 < v < 0 and it indicates
that the optical fiber delay is supposed to monotonically increase when the fiber is stretched. Here, the
elastic coefficient of fiber-optic delay is defined as | = (1 + ) - n/c, so Equation (7) could be simplified
into At = JLe. Moreover, optical fiber delay is also temperature-dependent due to its thermo-optical
property and thermal-expansion property, thus the total differential form of delay is:

Ldn nd7L

At =(Car t o)Al

®)
where T is temperature. Actually, the first item, dn/dT, stands for the thermo-optical property of the
fiber and the second item, dL/LdT, stands for the thermal-expansion property of the fiber. Due to the
fact that the value of the thermal-expansion coefficient is much smaller than that of the thermo-optical
coefficient for the standard SMF-28 single-mode fiber [40], the thermal coefficient of fiber-optic delay
could be similarly defined as K = dn/cdT [41] so as to further simplify Equation (8) into AT = KLAT.
Therefore, the variation of fiber-optic delay induced by temperature and strain could be synthetically
expressed as:

AT = JLe + KLAT. )

2.2. Fiber-Optic Delay Based Sensing Principle

According to the theoretical analysis above, a high precision detection system was designed to
measure the elastic coefficient and the thermal coefficient of fiber-optic delay, and the schematic of
the proposed detection system is shown in Figure 1. The detection system is composed of a vector
network analyzer and an optical transceiver module, wherein the vector network analyzer is used to
compare the two microwave signals of input and output ports and then the inner calculating module
of vector network analyzer can work on translating the phase difference between the two microwave
signals into the time delay of the entire measuring transmission optical path.
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Figure 1. The schematic of the proposed high precision optical fiber delay detection system based on
the frequency domain phase method.

More specifically, the offset compensation function of the vector network analyzer is utilized
during the practical measurement process, and the basic operation could be described as: the optical
signal is modulated by the microwave signal from port.1; after that, the modulated optical signal
transmits through the measuring optical path and is de-modulated into a microwave signal, importing
into port.2. By sampling and calculating, the phase difference between the input and output microwave
signals could be obtained, and the vector network analyzer could work on introducing extra time delay
to compensate the measured phase difference. Therefore, the phase difference between the two signals
can be finally eliminated by turning the compensation time delay, and the current compensation value
is equal to the time delay of the measuring optical path.

By using the method above, the relative delay of fiber was measured by the vector network
analyzer within a tensile force range of 1 N to 6.5 N and with an increment step of 0.5 N. Figure 2
demonstrates the experimental response of the relative delay for the rise of the tensile force, and the
variation was recorded with an increment of 0.5 N. Furthermore, the linear fit of the elastic property
of fiber-optic delay is presented in Figure 2 as well, wherein the standard SMF-28 type single-mode
fiber, produced by Corning Inc. (New York, NY, USA), was chosen as the measuring fiber for which
the refractive index is is about 1.468, Young’s modulus is 65 GPa, the core diameter is 125 um, and
the initial unstressed length is 15.5 cm. The experimental results indicate that the measured elastic
coefficient is 0.736 ps/N and the relative delay linearly increases with the increment of longitudinal
strain, which is a proof of the theoretical analysis above. According to Hooke’s law, the longitudinal
strainise = F/(Y - A), so the elastic coefficient could be further obtained as | = 3.78 ps/km-pe. As for
the material of the fiber, the elastic parameters of which are p1; = 0.113, p12 = 0.252 and v = 0.17, its
effective elastic-optic coefficient is y = —0.22. Combined with | = (1 + 7) - n/c, the elastic coefficient
is calculated as | = 3.82 ps/km-pe with an experimental error of 0.04 ps/km-pe.

Based on the same experimental setup presented in Figure 1, the thermal coefficient of fiber-optic
delay was measured in the temperature range from —30 °C to 70 °C with an increment step of 3 °C
by utilizing the same optical fiber as in the measuring sample, the initial length of which is 95.15 m.
Figure 3 presents the experimental response of delay difference for the rise of temperature and indicates
a thermal coefficient of about K = 39.2 ps/km-°C.

As a result, on the basis of Equation (9), if the initial unstressed length L and elastic coefficient | of
a sensing fiber are known, the strain can be measured by monitoring the change of fiber-optic delay in
an experimental environment with a stable temperature.
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Figure 2. The experimental response of relative delay for the rise of the longitudinal tensile force.
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Figure 3. The experimental response of relative delay for the rise of temperature.

3. Design and Analysis of Strain Sensor

3.1. Design of Strain Sensor

Based on the discussion above, the relationship between delay and strain is set up, and the strain
could be measured by detecting the change of delay. However, due to Equation (9), fiber-optic delay
is both strain-dependent and temperature-dependent, so the measurement of strain will be affected
by the cross-effect of temperature as well. To solve this problem, an extra reference optical path is
introduced to predigest this process by detecting the delay difference of two optical signals instead.
This schematic process can be presented as:

T —To = JL(e1 —e0) = (1 —T2) — (10 — ©2) = JL(e1 — o). (10)

Here, 79 and 7, are the delays of the sensing fiber at strain ¢y and €3, respectively, and 7, is the
delay of the reference fiber. Furthermore, the delay of the optical carrier wave is linearly related to the
phase of the modulating signal with a proportionality coefficient of 27tf, so that Equation (10) could be
further transformed into:

A(Pl — A(PO = 27Tf]L(€1 — 80), (11)

where A¢g and A¢; are the obtained phase differences at strain ¢y and ¢, respectively, and f is the
frequency of the modulating signal. Consequently, the measurement of strain could be finally achieved
by the detection of phase difference so as to simplify the measurement process.
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In practical terms, the environmental temperature is quite hard to keep stable, and the variation
of temperature is an insurmountable cross-effect for the measurement of strain. Thus Equation (11)
could be further rewritten as:

AY =27fJL(e1 — €9) + 27t fKAL - AT(H), (12)

where Ay is the variation of phase difference, AL is the length difference between sensing path and
reference path, and AT(t) is the temperature function related to time. Hence, another advantage of the
introduced reference path is to compensate for the effect of temperature on the sensing path, which
is beneficial for this strain sensor to resist the environmental temperature fluctuations. In addition,
the lengths of sensing path and reference path are urged to be equal.

Fiber Stretcher

Microwave Source

Reference Fiber

Figure 4. The schematic structure of a fiber-optic delay-based strain sensor.

According to the principle above, a fiber-optic delay based strain sensor is depicted in Figure 4.
In this sensor, the optical transmitter is composed of two distributed feedback (DFB) lasers with fixed
wavelengths of A, and A1, respectively. The two light beams are coupled and modulated and then pass
through the sensing areas behind after being divided by a wavelength division multiplexer (WDM).
The WDM used in this sensor is a three-port device, including a com port, a pass port and a reflect
port. The com port is accessible for all wavelengths and is connected to a transmission optical fiber.
The pass port is similar to a filter for the wavelength of A;, being connected to a sensing fiber, so the
light beam A; is regarded as the sensing light. On the contrary, the reflect port is accessible to all
wavelengths except for A;; thus it is connected to the reference fiber, and the light beam A, is used
as the reference light. After that the two light beams are de-modulated and imported into a Vector
Voltage Meter (VVM), which is used to measure the phase difference between the two input microwave
signals with high precision. In addition, a piezoelectric ceramics-based optical fiber stretcher, with a
controlling voltage range of 0-120 V and a radial deformation resolution of 4 nm, was used to realize
the generation and control of strain in this sensor.

Tunable Laser(};) Microwave Source

Fiber Stretcher

Vector Voltage
Meter
WDM-hy /

WDM-},

Figure 5. The fiber-optic delay based quasi-distributed strain sensor.
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One significant advantage of the designed sensor is that it is cascade-able, which means that a
quasi-distributed strain sensor could be simply realized by connecting several basic sensor units in
series with slightly modifications. Figure 5 presents the schematic structure of the quasi-distributed
strain sensor, in which a DFB laser is replaced by a tunable laser whose wavelengths is A; (i = 1-N) and
there are a pair of WDMs being placed beside each sensing area. In addition, by changing the output
wavelength of the tunable laser, each sensing area could be measured in sequence.

3.2. Calibration of Strain

Before the sensing experiment, the radial displacement of the stretcher in the controlling voltage
range of 0 V-120 V was tested, and the obtained data is presented in Figure 6. The experimental
results demonstrate that (1) its radial displacement is not linear with controlling voltage and (2)
during the rising and falling processes of controlling voltage, the radial displacement at each testing
voltage point is different, and the displacement curve during the falling process of voltage has a bigger
curvature. Therefore, when the fiber-optic stretcher is used for strain control, every testing point must
be calibrated in advance, and the falling process of voltage is more suitable to be chosen for directly
verifying the accuracy of the calibration result.

70+
60
E; 50
5
£ 40
[}
&
©
o 304
&
[a]
20
10 4 Rising Voltage
Falling Voltage
0 T T T T T T T T . T . T
0 20 40 60 80 100 120

Voltage (V)

Figure 6. The testing results of radial displacement of this fiber-optic stretcher under the controlling
voltage range of 0-120 V.

Moreover, for the reason that the sensing fiber coiled on the optical fiber stretcher may impede its
radial displacement, the practical stretched length of the sensing fiber will deviate from the theoretical
value, so that we calibrated at each testing point in the voltage range of 102—24 V with a decrement
step of 6 V, using the experimental setup presented in Figure 1. The number cycles of the sensing fiber
coiled on this stretcher is 14, which means that the initial unstressed length of sensing fiber is 3.08 m.
As the variation of time delay induced by the change of controlling voltage is specially required, the
measured time delay at 24 V was set as a zero reference, replacing the absolute value with a relative
value so as to simplify the subsequent data processing.

Figure 7a demonstrates the experimental response of relative delay for the decrease of controlling
voltage. If the frequency of the modulating signal is 5 GHz, the theoretical measurement precision of
the strain-induced fiber-optic delay is about 100 fs for this sensor, whereas the measurement precision
of the vector network analyzer is as high as 1 fs. As a result, the system error induced by the calibration
is less than 1%.

As for the sensing fiber coiled on the piezoelectric ceramics-based optical fiber stretcher, the
following relationships could be set up as [42]:
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AT = JLe = JALp
ALy =27 Q- (Ar; — Argy) (i = 0 — 120) (13)
R=ALp/ALt

Here, ALp and ALt are the practical and theoretical stretched lengths of the sensing fiber,
respectively, | is the elastic coefficient of the fiber-optic delay whose value is about | = 3.8 ps/km-pe, Q
is the cycles of the coiled sensing fiber, Ar; is the radial displacement of the stretcher at the controlling
voltage i, and R is defined as the stretching ratio. The obtained data is presented in Figure 7b, and the
results indicate that the practical stretched length of the sensing fiber is less than its theoretical value
with a stretching ratio of about 0.29 at each testing voltage point. In addition, the measured value
of the stretching ratio is approximately normally distributed, and its peak point corresponds to the
position with the biggest curvature of the displacement curve in Figure 8, which could be regarded as
a verification of the accuracy of the calibration. Furthermore, the response of strain to the decrease
in the controlling voltage is finally obtained and presented in Figure 8, and the whole experimental
process was conducted in a room with a constant temperature.
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Figure 7. The calibration of strain in the voltage range of 102-24 V with a decrement step of 6 V: (a) The
response of relative delay to voltage; (b) The response of variation of length to voltage.

—a— Strain'
O T T T T

20 40 60 80 100
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Figure 8. The response of strain to the decrease in controlling voltage.

4. Experimental Results and Discussion

A prototype experimental setup for testing the feasibility and practicability of the strain sensor
presented in Figure 5 was built. In this sensor, the output wavelengths of the tunable laser and the
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DFB laser are A; = Ay = 1549.32 nm and A, = 1552.12 nm, respectively. The frequency of the modulating
signal is 5 GHz, and the bandwidth of the M-Z modulator and the two photodetectors is 10 GHz.
The vector voltage meter works to measure the phase difference between the two microwave signals
of port A and port B with a measurement precision of 0.1°, which is equivalent to a strain resolution
of about 4.75 pe. Due to the concerning temperature fluctuations, the impact of temperature on the
measurement of strain must be evaluated as well. According to the initial parameters, the elastic
coefficient is | = 3.8 ps/km-pe, the thermal coefficient is K = 39.2 ps/km-°C, and the unstressed
length of sensing fiber is 3.08 m. Combined with Equations (9) and (12), the strain error induced by
temperature fluctuations is discussed under the conditions of AL =1 mm — 5 mm and AT = £ 10 °C,
and the simulation results are presented in Figure 9. Thus, to achieve a strain error of less than
1% (0.0475 pie) under the maximum temperature fluctuation of 10 °C, the length difference between
sensing path and the reference path should be controlled by less than 1.4 mm.

Strain Error(ue)
01675

0.1469

01264

0.1058

0.08525

0.06469

0.04413

Temperature(Centigrade)

0.02356

0.003000

1.0 15 20 25 30 35 40 45 50
Length(mm)

Figure 9. The strain error induced by temperature fluctuations.

Currently, the cutting precision of fiber can be controlled under one millimeter in our lab. In this
experiment, the delay of the sensing fiber is 35.778 ns, and that of the reference fiber is 35.781 ns, which
is equivalent to a length difference of about 0.6 mm. Thus, the length difference between the two paths
is low enough to meet the requirement of the sensor.

Slope=-0.012 ps/pe
—=— Result_1
—— Result_2
——Resul{_3

Slope=-0.021 degree/pe

Phase Difference(Degree)
Delay Difference(ps)

Phase Difference (Degree)

8 T T T T T T T T 8 T T T T T T T T
-50 0 50 100 150 200 250 300 350 -50 0 50 100 150 200 250 300 350

Strain(uc) Strain{uc)
(a) (b)

Figure 10. The experiments for testing the strain sensitivity of this sensor: (a) The repeatability response
of phase difference under the same experimental conditions; (b) The response of degree and delay of
this sensor with respect to a change in strain.
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Depending on the analysis above, the phase difference of port B and port A (A/B) was measured
in the voltage range of 102—24 V with a decrement step of 6 V, and the measured value at voltage
24 V was set as the zero reference. Meanwhile, to test the repeatability of this sensor, the experimental
process was repeated many times with the same voltage range and decrement in a room with a constant
temperature. Combined with the calibration in Section 3, the repetition results of this experiment are
presented in Figure 10a, which show that a similar variation of phase difference is found with respect
to a change in strain.

The response of degree and delay of this sensor with respect to a change in strain was finally
obtained by multiple measurements and equalization, as shown in Figure 10b. The experimental results
demonstrate that phase difference is linear with strain, which conforms to the previous theoretical
results. Moreover, the linear fitting coefficients of phase and delay are —0.021 °/pe and —0.012 ps/ e,
respectively. As a result, the sensor with the measurement precision of 0.1° has a strain sensitivity of
4.75 pe in the range of 350 pe.

14 9GHz_2.63 pe

— 7GHz_3.45 pz
S ¥
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o
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[

(5]
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2 .

a 4

©

1]

2 24

o
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Figure 11. The strain sensitivity of a sensor working at different frequencies.

As for a known strain sensor, the length of the sensing fiber and the measurement precision of the
detector are specific; thus the effective way to improve its strain sensitivity is by raising the working
frequency of the modulating signal. Figure 11 simulates the response of the phase at different working
frequencies, which shows that the increase of working frequency is truly effective in improving the
strain sensitivity of the sensor. In addition, during the period of design, a longer sensing fiber and
higher measurement precision also work to make the sensor more sensitive to strain.
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Figure 12. The temperature insensitive response of phase difference at each controlling voltage.
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To verify its temperature insensitivity, this sensor was placed in an open environment, which
caused the sensor to be continuously affected by the unstable and random environmental temperature
fluctuations. Under this condition, each controlling voltage was maintained for more than 20 min and
measurement was repeatedly conducted several times during this period, and the obtained response
is presented in Figure 12. The experimental results show an average degree fluctuation of less than
0.025° at each controlling voltage. On basis of the discussion above, this degree fluctuation obviously
does not result from the unstable temperature and is more likely caused by the unstable working
performance of the fiber stretcher and could be eliminated by averaging the multiple measured values.
In this case, temperature fluctuations will no longer be a problem in practical applications.

5. Conclusions

In this paper, a high precision temperature insensitive strain sensor based on optical fiber delay
was reported, which is able to realize the measurement of strain by detecting delay instead of spectrum
because of the elastic property of fiber-optic delay. A prototype experiment to verify its feasibility
was conducted and the experimental results prove it to be feasible and practical with high precision
and temperature insensitivity. To achieve an overall low cost, the vector voltage meter utilized in this
paper could be simply replaced by a phase discriminator, which is increasingly mature and can be
simply implemented based on functional chips with high precision. In addition, because of its working
principle, the sensor has a great potential to be a substitution in the field of long distance structure
monitoring. Further experiments on this study will be conducted.

Acknowledgments: This work is supported by the National Natural Science Foundation of China (No. 61271030).

Author Contributions: This paper was accomplished by all the authors with the assignments that Qi Qiu and
Jun Su conceived and designed the structure of sensor; Zhigiang Fan and Ning Yang designed the fiber stretcher;
and Ning Yang discussed the theory, performed the experiments, analyzed the obtained data, and wrote this paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Chen, Y; Lin, Y.B,; Li, C.; Li, Q.Q. Fiber bragg grating strain sensor applied in security monitoring of road
tunnel structure. In Advances in Mechanical and Electronic Engineering; Springer: Berlin/Heidelberg, Germany,
2012; pp. 323-328.

2. Lai, ].X.; Wang, K.; Guo, C.X,; Liu, B.Z.; Dong, Z.C. A case study of strain monitoring of tunnel liner based
on fiber bragg grating (FBG) sensor. Electron. ]. Geotech. Eng. 2014, 19, 4709-4715.

3.  Garcia, I; Zubia, ].; Durana, G.; Aldabaldetreku, G.; Illarramendi, M.A.; Villatoro, J. Optical fiber sensors for
aircraft structural health monitoring. Sensors 2015, 15, 15494-15519. [CrossRef] [PubMed]

4. Ramakrishnan, M.; Rajan, G.; Semenova, Y.; Farrell, G. Overview of fiber optic sensor technologies for
strain/temperature sensing applications in composite materials. Sensors 2016, 16, 99. [CrossRef] [PubMed]

5. He,J; Yang, ].; Wang, Y.; Waisman, H.; Zhang, W. Probabilistic model updating for sizing of hole-edge crack
using fiber bragg grating sensors and the high-order extended finite element method. Sensors 2016, 16, 1956.
[CrossRef] [PubMed]

6. Kim, S.J.; Yoon, M.S.; Kim, S.; Kwon, O.].; Han, Y.G. Absolute strain measurement based on a microfiber
Mach-Zehnder interferometer. In Proceedings of the OFS2014 23rd International Conference on Optical Fiber
Sensors, Santos Santander, Spain, 2 June 2014; p. 91577K.

7. Shin, ].C,; Kwak, W.G.; Han, Y.G. Temperature-Insensitive microfiber Mach-Zehnder interferometer for
absolute strain measurement. J. Lightwave Technol. 2016, 34, 4579-4583. [CrossRef]

8. Li, E.; Wang, X.; Zhang, C. Fiber-Optic temperature sensor based on interference of selective higher-order
modes. Appl. Phys. Lett. 2006, 89, 091119. [CrossRef]

9.  Socorro, A.B.; Del Villar, I; Corres, ].M.; Arregui, FJ.; Matias, L.R. Mode transition in complex refractive
index coated single-mode-multimode-single-mode structure. Opt. Express 2013, 21, 12668-12682. [CrossRef]
[PubMed]


http://dx.doi.org/10.3390/s150715494
http://www.ncbi.nlm.nih.gov/pubmed/26134107
http://dx.doi.org/10.3390/s16010099
http://www.ncbi.nlm.nih.gov/pubmed/26784192
http://dx.doi.org/10.3390/s16111956
http://www.ncbi.nlm.nih.gov/pubmed/27879649
http://dx.doi.org/10.1109/JLT.2016.2537843
http://dx.doi.org/10.1063/1.2344835
http://dx.doi.org/10.1364/OE.21.012668
http://www.ncbi.nlm.nih.gov/pubmed/23736487

Sensors 2017, 17, 1005 13 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Nguyen, L.V.; Hwang, D.; Moon, S.; Moon, D.S.; Chung, Y. High temperature fiber sensor with high
sensitivity based on core diameter mismatch. Opt. Express 2008, 16, 11369-11375. [CrossRef] [PubMed]

Lu, P; Chen, Q. Asymmetrical fiber Mach-Zehnder interferometer for simultaneous measurement of axial
strain and temperature. IEEE Photonics ]. 2010, 2, 942-953.

Yin, G.; Lou, S.; Zou, H. Refractive index sensor with asymmetrical fiber Mach-Zehnder interferometer based
on concatenating single-mode abrupt taper and core-offset section. Opt. Laser Technol. 2013, 45, 294-300.
[CrossRef]

Lu, P; Men, L.; Sooley, K.; Chen, Q. Tapered fiber Mach-Zehnder interferometer for simultaneous
measurement of refractive index and temperature. Appl. Phys. Lett. 2009, 94, 131110. [CrossRef]

Zhou, J.; Wang, Y.; Liao, C.; Yin, G.; Xu, X,; Yang, K.; Zhong, X.; Wang, Q.; Li, Z. Intensity-Modulated strain
sensor based on fiber in-line Mach—Zehnder interferometer. IEEE Photonics Technol. Lett. 2014, 26, 508-511.
[CrossRef]

Zhao, N.; Fu, H.; Qiao, X.; Shao, M,; Li, H,; Liu, Q.; Gao, H.; Yan, X.; Zhang, Y. Optical fiber core diameter
mismatched in-fiber Mach-Zehnder interferometer for strain sensing. In Proceedings of The International
Conference on Photonics and Optical Engineering and the Annual West China Photonics Conference (icPOE
2014), Xi’an, China, 13 October 2014; p. 94491Y.

Ma, J.; Xuan, H.; Ho, H.L,; Jin, W.; Yang, Y.; Fan, S. Fiber-Optic Fabry-Perot acoustic sensor with multilayer
graphene diaphragm. IEEE Photonics Technol. Lett. 2013, 25, 932-935. [CrossRef]

Jan, C,; Jo, W.; Digonnet, M.].E,; Solgaard, O. Photonic-Crystal-Based fiber hydrophone with Sub-$100~ mu $
Pa/$ surd $ Hz Pressure Resolution. IEEE Photonics Technol. Lett. 2016, 28, 123-126. [CrossRef]

Zhang, Y.; Yuan, L.; Lan, X,; Kaur, A.; Huang, J.; Xiao, H. High-Temperature fiber-optic Fabry-Perot
interferometric pressure sensor fabricated by femtosecond laser. Opt. Lett. 2013, 38, 4609-4612. [CrossRef]
[PubMed]

Wu, S,; Yan, G.; Lian, Z.; Chen, X.; Zhou, B.; He, S. An open-cavity Fabry-Perot interferometer with PVA
coating for simultaneous measurement of relative humidity and temperature. Sens. Actuators B Chem. 2015,
225,50-56. [CrossRef]

Zhao, Y;; Chen, M,; Lv, R;; Xia, F. In-Fiber rectangular air fabry-perot strain sensor based on high-precision
fiber cutting platform. Opt. Commun. 2017, 384, 107-110. [CrossRef]

Liu, H.; Yang, H.Z,; Qiao, X.G.; Hu, M.; Feng, Z.; Wang, R.; Rong, Q.; Gunawardena, D.S.; Lim, K.S,;
Ahmad, H. Strain measurement at high temperature environment based on Fabry-Perot interferometer
cascaded fiber regeneration grating. Sens. Actuators A Phys. 2016, 248, 199-205. [CrossRef]

Costa, G.K.B.; Gouvéa, PM.P; Soares, L.M.B.; Pereira, ].M.; Favero, F.; Braga, A.M.; Palffy-Muhoray, P.;
Bruno, A.C.; Carvalho, I.C. In-Fiber Fabry-Perot interferometer for strain and magnetic field sensing.
Opt. Express 2016, 24, 14690-14696. [CrossRef] [PubMed]

Zhou, W.; Dong, X.; Ni, K.; Chan, C.C.; Shum, P. Temperature-Insensitive accelerometer based on a
strain-chirped FBG. Sens. Actuators A Phys. 2010, 157, 15-18. [CrossRef]

Xu, M.G.; Dong, L.; Reekie, L.; Tucknott, J.A.; Cruz, J.L. Temperature-Independent strain sensor using a
chirped Bragg grating in a tapered optical fibre. Electron. Lett. 1995, 31, 823-825. [CrossRef]

Haber, T.C.; Graver, TW.; Soller, B.J.; Graver, TW.; Soller, B.].; Mendez, A. Analysis, compensation, and
correction of temperature effects on FBG strain sensors. In Proceedings of the SPIE Defense, Security, and
Sensing, Baltimore, MD, USA, 29 April-3 May 2013.

Uchida, S.; Levenberg, E.; Klar, A. On-specimen strain measurement with fiber optic distributed sensing.
Measurement 2014, 60, 104-113. [CrossRef]

Hotate, K.; Tanaka, M. Distributed fiber Brillouin strain sensing with 1-cm spatial resolution by
correlation-based continuous-wave technique. IEEE Photon. Technol. Lett. 2002, 14, 179-181. [CrossRef]
Imai, M.; Nakano, R.; Kono, T.; Ichinomiya, T.; Miura, S.; Mure, M. Crack detection application for fiber
reinforced concrete using BOCDA-based optical fiber strain sensor. J. Struct. Eng. 2010, 136, 1001-1008.
[CrossRef]

Enckell, M.; Glisic, B.; Myrvoll, F,; Bergstrand, B. Evaluation of a large-scale bridge strain, temperature and
crack monitoring with distributed fibre optic sensors. J. Civ. Struct. Health Monit. 2011, 1, 37-46. [CrossRef]
Belal, M.; Newson, T.P. A 5 cm spatial resolution temperature compensated distributed strain sensor
evaluated using a temperature controlled strain rig. Opt. Lett. 2011, 36, 4728-4730. [CrossRef] [PubMed]


http://dx.doi.org/10.1364/OE.16.011369
http://www.ncbi.nlm.nih.gov/pubmed/18648456
http://dx.doi.org/10.1016/j.optlastec.2012.06.032
http://dx.doi.org/10.1063/1.3115029
http://dx.doi.org/10.1109/LPT.2013.2295826
http://dx.doi.org/10.1109/LPT.2013.2256343
http://dx.doi.org/10.1109/LPT.2015.2487498
http://dx.doi.org/10.1364/OL.38.004609
http://www.ncbi.nlm.nih.gov/pubmed/24322086
http://dx.doi.org/10.1016/j.snb.2015.11.015
http://dx.doi.org/10.1016/j.optcom.2016.10.005
http://dx.doi.org/10.1016/j.sna.2016.07.028
http://dx.doi.org/10.1364/OE.24.014690
http://www.ncbi.nlm.nih.gov/pubmed/27410621
http://dx.doi.org/10.1016/j.sna.2009.11.003
http://dx.doi.org/10.1049/el:19950542
http://dx.doi.org/10.1016/j.measurement.2014.09.054
http://dx.doi.org/10.1109/68.980502
http://dx.doi.org/10.1061/(ASCE)ST.1943-541X.0000195
http://dx.doi.org/10.1007/s13349-011-0004-x
http://dx.doi.org/10.1364/OL.36.004728
http://www.ncbi.nlm.nih.gov/pubmed/22179864

Sensors 2017, 17, 1005 14 of 14

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Lépez-Higuera, ].M.; Cobo, L.R.; Incera, A.Q.; Cobo, A. Fiber optic sensors in structural health monitoring.
J. Lightwave Technol. 2011, 29, 587-608. [CrossRef]

Glisic, B.; Yao, Y. Fiber optic method for health assessment of pipelines subjected to earthquake-induced
ground movement. Struct. Health Monit. 2012, 11, 696-711. [CrossRef]

Lim, K.; Wong, L.; Chiu, WK.; Kodikara, J. Distributed fiber optic sensors for monitoring pressure and
stiffness changes in out-of-round pipes. Struct. Control Health Monit. 2016, 23, 303-314. [CrossRef]

Glisic, B.; Jeremy, C.; Hubbell, D. Streicker Bridge: A comparison between Bragg-grating long-gauge
strain and temperature sensors and Brillouin scattering-based distributed strain and temperature sensors.
In Proceedings of the SPIE Smart Structures and Materials+ Nondestructive Evaluation and Health
Monitoring, San Diego, CA, USA, 6 March 2011.

Zhao, X,; Lu, J.; Han, R.; Kong, X.; Wang, Y.; Li, L. Application of multiscale fiber optical sensing network
based on Brillouin and fiber bragg grating sensing techniques on concrete structures. Int. |. Distrib. Sens. Netw.
2012, 2012, 487-513. [CrossRef]

He, J.; Zhou, Z.; Ou, J. Optic fiber sensor-based smart bridge cable with functionality of self-sensing.
Mech. Syst. Signal Process. 2013, 35, 84-94. [CrossRef]

Lydon, M,; Taylor, S.E.; Robinson, D.; Callender, P.; Doherty, C.; Grattan, S.K.; Obrien, E.]. Development of
a bridge weigh-in-motion sensor: performance comparison using fiber optic and electric resistance strain
sensor systems. IEEE Sens. ]. 2014, 14, 4284-4296. [CrossRef]

Mokhtar, M.R.; Owens, K.; Kwasny, J.; Taylor, S.E.; Basheer, P.A.M.; Cleland, D.; Bai, Y.; Sonebi, M.; Davis, G.;
Gupta, A.; et al. Fiber-Optic strain sensor system with temperature compensation for arch bridge condition
monitoring. IEEE Sens. |. 2012, 12, 1470-1476. [CrossRef]

Giallorenzi, T.G.; Bucaro, J.A.; Dandridge, A.; Sigel, G.H.; Cole, ].H.; Rashleigh, S.C.; Priest, R.G. Optical
fiber sensor technology. IEEE Trans. Microw. Theory Tech. 1982, 30, 472-511. [CrossRef]

Shibata, N.; Shibata, S.; Edahiro, T. Refractive index dispersion of lightguide glasses at high temperature.
Electron. Lett. 1981, 17, 310-311. [CrossRef]

Yang, N.; Qiu, Q.; Su, J.; Shi, S.J. Research on the temperature characteristics of optical fiber refractive index.
Opt.-Int. ]. Light Electron Opt. 2014, 125, 5813-5815. [CrossRef]

Wang, T. Fiber-Optic phase modulation theory and experiment analysis with PZT cylinder. Acta Photonica
Sin. 1999, 28, 134-137.

@ © 2017 by the authors. Licensee MDP]I, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses /by /4.0/).


http://dx.doi.org/10.1109/JLT.2011.2106479
http://dx.doi.org/10.1177/1475921712455683
http://dx.doi.org/10.1002/stc.1771
http://dx.doi.org/10.1155/2012/310797
http://dx.doi.org/10.1016/j.ymssp.2012.08.022
http://dx.doi.org/10.1109/JSEN.2014.2332874
http://dx.doi.org/10.1109/JSEN.2011.2172991
http://dx.doi.org/10.1109/TMTT.1982.1131089
http://dx.doi.org/10.1049/el:19810217
http://dx.doi.org/10.1016/j.ijleo.2014.07.053
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Theoretical Basis and Sensing Principle 
	Theoretical Basis of Fiber-Optic Delay 
	Fiber-Optic Delay Based Sensing Principle 

	Design and Analysis of Strain Sensor 
	Design of Strain Sensor 
	Calibration of Strain 

	Experimental Results and Discussion 
	Conclusions 

