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Preface

With the disruptive progress in the field of electronics, ubiquitous wireless network-
ing has become a reality. Smartphones and wireless devices are becoming more of
a necessity of our daily routine rather than just a luxurious gadget, as they used to
be some years ago. These advances have resulted in a surge in the number of con-
nected smart devices. According to CISCO® report, the number of connected
devices has reached more than double the population (2.2x) in 2015 and is predicted
to reach more than three times the population (3.4x) by 2020 [1]. The ubiquity of
the wireless networking and the abundance of smart devices have led to the inven-
tion of the “Internet of Things” concept. The Internet of Things (IoT) refers to the
concept of connecting everything, including ourselves and personal items, to sense
the environment, communicate together, and come up with informative decisions
about their actions, without human intervention. IoT is expected to cover every
aspect of our life, starting from waking us up with a fresh brewed coffee and our
bath ready, along with a smart car (potentially self-driven) driving us to work, up to
every small detail of our life. [oT fields include, but not limited to, smart city, intel-
ligent transport system (ITS), smart housing, eHealth, agriculture, etc., along with
new fields that will be introduced in the future [2, 3].

With the emergence of the Internet of Things (IoT) (also sometimes referred to
as the Internet of Everything (IoE)), most devices are becoming smarter and con-
nected to one another. Devices are now designed to intelligently act on their own,
based on information received from other devices or information about the environ-
ment surrounding them. This development requires multiple types of sensors, to be
deployed in different environments; hence the sensor industry has become the cen-
ter of attention of many research efforts in recent years. Due to the huge number of
required sensors in the coming generation of [oT, sensing devices need to be cheap,
easy to design, and resilient, in addition to their accuracy and instantaneous
response. One of the attractive emerging methods is the optical fiber sensing, which
has been attracting lots of attention due to its low cost and resilience. The recent
reports about coupling optical fiber sensors to smart devices make optical fiber sens-
ing a promising field, with a huge potential market in the area of IoT. Additionally,


http://dx.doi.org/10.1007/978-3-319-47349-9_4
http://dx.doi.org/10.1007/978-3-319-47349-9_4

vi Preface

those reports have increased the growth of optical fiber sensor markets and their
field of action. Optical fiber sensing techniques are nowadays widely and com-
monly implemented for monitoring physical parameters including strain, tempera-
ture, refractive index, pressure, humidity, etc., in addition to the monitoring of
health parameters (e.g., heartbeat, blood pressure).

Due to a surge in the interest in optical fiber sensing, this brief provides a
review of the evolution of optical fiber sensing solutions and its applications.
Following such path, a review of the working principles of optical fiber sensing is
given. The different production methods are presented and discussed, highlight-
ing their evolution and analyzing their complexity. Under this scope, the brief
presents a review of the existing silica optical fiber sensor and polymer optical
fiber sensor solutions, comparing its field of action (sensitivity, accuracy), com-
plexity of manufacture, and economical costs. A special attention is given to low-
cost production methods. The brief evaluates different existing techniques and
assesses the accuracy and suitability of these sensors for possible IoT integration,
depending on different considered scenarios.

Our brief represents a timely report of the state of the art of an emerging topic
“optical fiber sensing” that is expected to play a big role in the world of the Internet
of Things (IoT) and the smart city of tomorrow. The authors believe that this brief
should be used as a handbook for readers interested in the field of optical fiber sens-
ing, as well as in the general field of sensors and their production. Readers, new to
the field of optical fiber sensing, will find this brief a very useful starting point for
their career. Readers are encouraged to read the following outline and guide on how
to use this brief, to find the best way to benefit from our work.

Brief Outline

This book provides a brief overview of optical fiber sensing, with its different sens-
ing techniques, characteristics, and advantages while going through various pro-
posed solutions to overcome their limitations, targeting low-cost production, higher
sensitivity, more resiliency, and wider range of applications, by increasing their
range of measuring. The book outline goes as follows.

The first chapter is a general overview of the optical fiber sensing concept, high-
lighting the idea behind using optical fibers for sensing and the different mecha-
nisms inherent to optical fiber light propagation used for measuring external physical
parameters. This chapter serves as a perfect starting point to readers, who are new
to the field. It introduces the basics and principles of optical fiber sensing, as well as
the different methodologies used in measuring external physical parameters.

Optical sensing can be achieved by monitoring the variation of light properties
passing through fiber; hence optical fiber sensing can be either intensity-based,
phase-based, wavelength-based, or polarization-based. The first chapter describes
all those types of sensing techniques, going through the multiple subcategories of
each type. The advantages, applications, and limitations of each type are explained.
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Additionally, optical fiber sensors (OFSs) are perfect for the manufacture of distrib-
uted sensing systems, which are also introduced in this chapter.

After the introduction of basics and principles of optical fiber sensing in Chap. 1,
Chap. 2 takes a step forward to discuss the different production methods used for
the manufacture of different types of OFSs. Each subsection discusses one type,
introducing the different production methods used and the advantages, along with
the most suitable applications. The chapter also addresses the challenges within the
different methods, along with some proposed solutions to overcome those chal-
lenges. The chapter should be treated as a guide into the production methods of
optical fiber sensing systems. Readers, already familiar with the topic of optical
fiber sensing, would be able to use such chapter as guiding catalogue, which pro-
duction method to use, based on their preferences; which can be less complex of
production method, sensitivity, or cost-effectiveness; etc.

Optical fiber sensing can provide competitive performance compared to more
traditional mechanical and electronic sensors, especially when it comes to sensitiv-
ity. They even provide more advantageous solutions, due to their compact size and
weight and resilience to external harsh environments, along with their immunity to
electromagnetic interference. However, for OFSs to reach their potential market
share surpassing other traditional types of sensors, OFSs have to provide low-cost
production methods. Chapter 3, hence, introduces solutions aiming at designing
new and cost-effective production methods for silica-based OFSs. The performance
of those cost-effective silica OFSs is compared to similar sensing devices, usually
produced by more complex and expensive methods.

All three previous chapters have considered the more common type of fiber used
in OFSs, namely, silica fiber. Chapter 4 then introduces polymer (or plastic) optical
fiber (POF)-based sensing, which represents an economical alternative solution that
has been gaining lots of interest in the research and also on the industrial level. POF
offers an attractive cost-effective solution. The various production methods of POF-
based sensors are explored. The chapter also discusses the possible physical param-
eters that can be measured by POF sensors, along with their most common
applications. The performance of POF-based sensors is then compared to that of
silica OFSs and electronic-based sensing devices.

Having thoroughly discussed the concept of OFSs, exploring its different types
and production methods, Chap. 5 concludes the brief by an overview of the applica-
tion of OFSs in the world of the Internet of Things (IoT). The chapter starts with a
brief introduction to IoT and its various application categories. The chapter dis-
cusses the technological enablers of IoT and its value proposition. At the heart of
IoT, sensing exists as one main and critical enabler. Sensing provides the required
context for IoT to exist. Without sensors, smart devices would not be able to acquire
the required knowledge about their surroundings, which is a main factor in the smart
concept of IoT. Based on this fact, the chapter sheds more light on sensing within
the concept of IoT, emphasizing the role of OFSs in such concept. Finally, the chap-
ter presents different applications, where optical fiber-based sensing has been used
or has good potential in the future. This list provides the vital link between optical
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fiber sensing and the future world of the Internet of Things, which acts as the perfect
conclusion to the brief.
At the end, conclusion and summary are presented in Chap. 6.

Reading Guide

This part presents a guide on how to use the presented brief. The brief consists of
five chapters, covering different topics, as explained above. Based on the reader’s
experience and knowledge of optical fiber sensing and the specific question he/she
is trying to answer, the reader is advised to read a certain chapter(s).

Firstly, a reader, who is new and unfamiliar with the field of optical fiber sensing,
is advised to start from Chap. 1 and go through the brief in the typical order. Chapter
1 provides a good starting point to the field covering the basic concept and princi-
ples of optical fiber sensing and the light properties used to sense external parame-
ters, along with the different types and subcategories of OFSs in general.

If the reader is already familiar with the topic, the reader can skip Chap. 1.
Depending on the question he/she is trying to answer, the reader can decide which
chapter to read. A reader, looking to learn about the production/manufacturing of
OFSs, should read Chap. 2. He/she can also find more answers in Chap. 3, with
regard to producing lower-cost sensors.

Chapter 3 is also advised for readers familiar with production methods, but who
are looking for more cost-effective methods or solutions to overcome the high costs
of one certain production method they are interested in.

Readers, who are familiar with silica OFSs and want to learn about other alterna-
tives, are advised to read Chap. 4, which offers information about polymer OFSs,
their production methods, applications, efficiency, and limitations.

Finally, Chap. 5 is devoted to readers, who are already familiar with optical fiber
sensing technologies, but are new to the topic of the Internet of Things. Chapter 5
provides them with the basics of IoT, listing multiple application domains, where
OFSs can fit. It has to be noted here that this brief provides basic information about
IoT and how OFSs fit in the world of IoT, but should not be used as a guide of or a
book on the concept of IoT.

Although this section guides readers on which chapter(s) to read based on their
level of expertise and requirements, the authors still think that for maximum value,
this brief is best read as a whole and in the presented sequence.

Aveiro, Portugal Maria de Fatima F. Domingues
Madrid, Spain
Aveiro, Portugal Ayman Radwan
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Chapter 1
Principles of Optical Fiber Sensing

Since the Nobel Prize award in 2009, received by Prof. Charles K. Kao, for his
research and pioneering achievements regarding the transmission of light in an opti-
cal fiber, optical fiber has been regarded as one of the top inventions of the last
decades revolutionizing not only telecommunications systems, but also new fields
of applications such as sensing and metrology.

This chapter provides an introduction to the topic of optical fiber sensing. It starts
with defining optical fibers in general, giving guide to how to use them in the field
of communications, then moving towards the field of optical fiber sensing. The con-
cept of sensing using optical fibers is introduced. The different types of optical fiber
sensing are discussed. In principal, different modulation/demodulation principles
can be used for sensing multiple external physical parameters. According to those
different principles, several techniques emerged for the production of OFSs. The
chapter presents a guide for introducing the different modulation types; hence the
categorization of optical fiber sensing.

By definition, an optical fiber is a cylindrical waveguide, composed of a core,
where the light propagates, a surrounded layer—the cladding with a lower refractive
index, and a coating layer for resistance. To confine the light guiding in the core, the
refractive index of the core 7, has to be greater than that of the cladding to form the
total internal reflection at the core cladding boundary, as seen in Fig. 1.1 [1]. Basically,
the cladding is responsible for the confinement of the light into the fiber core, decreas-
ing the scattering loss and protecting the fiber core from absorbing the environmental
contaminants [2]. The coating of the optical fiber is a layer of material used to
improve the mechanical resistance of the fiber and protect it from physical damage
and abrasions. The material often used for the coatings is plastic derivate [2].

The light-guiding principal of the optical fiber core is based on the total internal
reflection of the optical signal. At any angle of incidence, greater than the critical
angle, light will be totally reflected back into the fiber core medium, as shown in
Fig. 1.2. The critical angle is defined as the angle at which the total internal reflec-
tion occurs, and determined by Snell’s Law [2, 3].

© The Author(s) 2017 1
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Optical fibers possess many advantages, which include their small size, light
weight, low transmission loss, electrical isolation, large bandwidth, security, flexi-
bility, reliability and low cost. The multiple unique features of optical fibers render
them suitable not only for telecommunication applications, but additionally other
various applications such as laser [4, 5], sensing [6, 7] and medical sciences [8, 9].

The advantages of optical fiber sensors compared to conventional sensing mech-
anisms are well established; in addition to being smaller and lighter, they provide a
large number of measurements with the ability to be multiplexed on a single fiber
network.

The general structure of an optical fiber sensor (OFS) system is shown in Fig.
1.3. It generally consists of an optical source, launching the signal into an optical
fiber, which will be modulated in the sensing element and detected afterwards by an
optical detector (either in a reflection or transmission configuration). An optical
detector can be either an interrogator in case of reflective configuration or an optical
spectrum analyzer in transmission arrangement, as illustrated in Fig. 1.3.

Modern OFSs owe their development to the laser, and the modern low-loss opti-
cal fiber, which led to the first sensing experiments using low-loss optical fiber
developed in the early 70s [10]. This innovative work quickly propelled the growth
of a number of research groups, focusing on the exploitation of this new technology
in sensing and measurements [11-16]. Nowadays, the aim of the research, in the
optical fiber sensing area, is to widen the array of fields, where this new technology
can be applied. In order to compete with (and eventually overcome) the conven-
tional sensing mechanisms, OFSs must overcome extreme measurement situations
and be economically competitive.

The OFS research field has up till now provided sensors able to measure param-
eters such as strain, temperature, pressure, refractive index (RI), pH, displacement,
ultrasounds for bio applications and other sensors, which are used for real time
monitoring of structures like buildings, bridges, aircrafts [11-18].

This wide field of applications is possible due to the use of an innovative optical
fiber technologies, including fiber gratings, surface Plasmon resonance (SPR), fiber
interferometers, Brillouin/Raman scattering, micro-structured fibers, etc. Also, the
progress in the research of human-friendly smart materials incorporating fiber
devices, including health monitoring systems (i.e. e-Health), is one of the most
promising future technologies. Nevertheless, despite its wide application and the
growth of research in OFS, its commercialization level is not totally established yet,
partially due to high costs of some optical devices [9].
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Fig. 1.2 Representation of total internal reflection inside an optical fiber
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Fig. 1.3 Basic components of an Optical Fiber Sensor (OFS) system
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Fig. 1.4 Schematics of (a) Intrinsic and (b) Extrinsic OFS types of optical fiber sensors

Optical fiber sensors can simply be categorized as either intrinsic devices, where
the sensing mechanism operates within an element of the optical fiber itself, or
extrinsic devices where the optical fiber is used only as the information carrier, to
couple the optical signal to and from the region to be monitored. In extrinsic devices,
although the modulation is external to the fiber, it can be mechanically attached, and
coupled/decoupled [10]. Figure 1.4 presents the basic concept of intrinsic and
extrinsic optical sensors.
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Another possible categorization of OFS is based on the type of modulation/
demodulation process and operating principle. In such categorization, the OFS can
be classified as phase, frequency, intensity, or polarization sensor. Due to external
perturbations, these parameters values change and by detecting its shift/variation,
the external perturbations can be sensed/measured [2].

Different modulation/demodulation principles can be used for the sensors pro-
duction. According to those principles, several techniques emerged for the produc-
tion of OFSs. The current chapter introduces the different techniques, which are
most commonly used. Each section of this chapter explores one type of modulation/
demodulation (i.e. type of OFS) and its most commonly known sub-categories/type.
The first section introduces intensity-based OFSs, where the variation in the moni-
tored parameter is sensed by the variation in the intensity of the received light at the
optical detector. Section 1.2 discusses the concept of phase interferometer, and lists
the different categories falling under such concept, including Mach Zehender,
Michelsen, Fabry Perot Interferometer, and Sagnac interferometer. In Sect. 1.3,
wavelength based OFS is presented. Wavelength-based OFSs, which include Fiber
Bragg Gratings and Fluorescence, monitor the change in light wavelength in order
to measure the variation in the monitored physical parameter. Another characteristic
of light, which can be used in sensing, is polarization. Section 1.4 is dedicated to the
polarization-based sensors. Finally, the idea of distributed sensing is introduced in
Sect. 1.5. Distributed characteristic, which provides an economical method of pro-
ducing sensors to monitor larger areas, is one more advantage of OFSs. The section
lists the different types of distributed OFSs, namely Brillouin, Rayleigh, and Raman.

1.1 Intensity

The first sensing principle is based on the attenuation of the optical signal induced
by the monitored parameter. This attenuation can be provoked by means of absorp-
tion, scattering, or through the application of an external force [3]. Intensity-based
OFSs rely on the optical signal loss of the sensing modulator; hence, they need
higher optical signals intensities often implemented through the use of multimode
fibers [17].

The advantages of these sensors comprise its implementation simplicity, multi-
plexing features, low cost, and ability for distributed sensing. Nevertheless, they
require the use of a referencing system in order to mitigate the false readings, due to
relative measurements and variations in the intensity of the light source [18].

To produce/induce a change in the optical signal intensity propagated in an opti-
cal fiber, different mechanisms such as microbending, evanescent field and fiber
coupling can be used [17-19], which are further explained below.
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1.1.1 Microbending

The theory behind Microbending sensors is based on the fact that mechanical periodic
micro bends on the optical fiber can induce attenuation of the transmitted optical sig-
nal; hence the signal propagated in guided modes can be radiated into the non-guided
modes. As depicted in Fig. 1.5, the sensing mechanism can be formed by two grooved
plates, with an optical fiber in-between them. When the bend radius of the fiber
changes (due to the grooves movements) and surpasses the critical angle necessary to
enclose the optical signal in the optical fiber core, the optical signal is attenuated, and
therefore the intensity modulation of the signal can be obtained [18].

This technique relies on two main phenomena: the radiation of the optical signal
to non-guided modes of the optical fiber due to the small radius of curvature induced
in the fiber; the second one is the resonance effect created by the periodicity of the
microbends, which enables the coupling of two modes.

Microbend OFSs have been explored to monitor a large number of physical and
chemical parameters such as strain, pressure, displacement, temperature, vibration,
humidity, gas detection, pH, and ion concentration, with acceptable sensitivity lev-
els [17, 18]. When compared with other OFSs, these types of sensors are highly
advantageous, due to their design simplicity and low cost fabrication; therefore
being suitable for both laboratory and home applications.

1.1.2 Evanescent Field

Another popular intensity-based OFS is the evanescent field based sensor (see Fig.
1.6). Evanescent field sensors use the optical signal irradiated from the fiber core
into the cladding, to detect and monitor a specific parameter. This technique is typi-
cally used in the fabrication of chemical sensors. For its formation, a section of the
fiber (sensing section) is stripped (the cladding can be removed or reduced by pol-
ishing or by chemical attacks) and then a light source with an adequate wavelength
is used for the detection of the chemical parameter under analysis. The change in
optical signal intensity (due to its interaction with the environment monitored) indi-
cates the presence of a specific chemical element and its concentration.
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Fig. 1.6 An evanescent field based sensor working principle

Other versions of this type of sensors are produced with a similar technique, hav-
ing the cladding replaced by a coating material, whose optical properties can be
modulated by the chemical medium in analysis [19-22].

The evanescent field phenomenon is observed, when the total internal reflection
in the optical fiber core is not met. Although typically, the optical signal is totally
reflected, a portion of it can still escape the interface and penetrates the medium
with a lower refractive index, creating an evanescent field [21].

To achieve the basic principle of the evanescent field, the sensor needs to be in
contact with the substrate in analysis, so the optical fiber core can achieve a reliable
sensitivity level. The presence/absence/concentration of the parameter under moni-
toring can then be detected by the absorption of the evanescent field wave and con-
sequent optical signal modulation.

The main issue of this type of sensors is related to the potential poor interaction
between the substrate and the evanescent field, which is proportional to the cladding
penetration depth. The increase of this interaction can be achieved through the use
of special fibers (D-fibers or micro-structured fibers) or tapered fibers [21, 22].

1.1.3 Two Fiber Coupling

Two fiber coupling sensors are based on a configuration, in which the optical signal
from an optical fiber interacts with an external substrate under analysis, and the
reflected or transmitted signal on such interaction is coupled in a different or the
same optical fiber. This type of sensors can be introduced in different structures/
configurations and using different type of fibers (mono or multi-mode fibers). The
two fibers coupling can be in a reflection or transmission configuration, as shown in
the two parts of Fig. 1.7.

The key element in such sensors relies in a perfect coupling between the two
fibers in use. Once the optimum coupling is achieved, this type of sensors is suitable
to monitor parameters such as pressure, displacement, positioning, and vibration
among others [23].
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1.2 Phase Interferometer

Interferometric optical sensors are known to provide high sensitivity and accurate
results. However, for such results to be achieved, this technique must be applied with
precision for the monitoring of specific physical parameters. Also, the use of this
technique requires an extra care, since cross-sensitivity problems can often appear, if
the isolation of the devices is not completely achieved from the influence of param-
eters other than the monitored one, such as environmental temperature [11].

Although several configurations can be exploited and will be explored in the fol-
lowing sections, a basic optical fiber interferometer uses the interference between
two signals for the signal modulation. This interference is achieved due to the dif-
ferent optical paths the signals travel, which can be made in one single fiber or
through the use of two optical fibers [11, 24, 25]. Definitely, it is important that one
of the optical paths is exposed to the external perturbations, so the signal can be
modulated according to the monitored parameter. The signal modulation can be
based in the shift of the wavelength, phase, intensity, frequency or bandwidth of the
spectral/temporal information.

With these sensing capabilities, interferometric sensors can provide remarkable
performance with high accuracy and sensitivity with an extended dynamic range.
The challenge, regarding this sensing mechanism, is size reduction of the sensors
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without compromising their accuracy and/or sensitivity, to be suitable for micro-
scale applications. Such miniaturization requires the replacement of the bulk optical
equipment with smaller fiber devices [11]. In-line structures, characterized by hav-
ing two optical paths in one single fiber, are the best candidate for the implementa-
tion of tiny optical fiber interferometers. This solution has high coupling efficiency,
easy alignment, and high stability; hence have been widely investigated [11].

Optical fiber interferometers can be classified into four main groups, namely
Mach-Zehnder, Michelson, Fabry-Perot, and Sagnac. The four types are discussed
in separate subsections below, in which their operating principles and potential
applications will be explored.

1.2.1 Mach Zehender

Mach-Zehnder Interferometers (MZI) are flexible in their configurations and there-
fore suitable for a wide number of sensing applications. The basic configuration
consists of two arms (optical fibers), independent of each other, which are the refer-
ence arm and the sensing arm, as shown in Fig. 1.8.

The optical signal emitted by the optical source, is split (by an optical fiber cou-
pler) into the two arms and then coupled again into a single fiber and onto the opti-
cal signal analyzer (OSA). The signal reaching the OSA is modulated according to
the Optical Path Difference (OPD) between the two fiber arms. As the reference arm
is not exposed to the external/environmental variations, the shift in the interferomet-
ric signal is only related to the sensing arm signal. These variations can be induced
in the sensing arm by parameters such as strain, refractive index (RI) or temperature
and can be easily accessed through the analysis of interference signal shift.

In contrast to the use of two arms (two fibers) for MZIs production, new solu-
tions using only one optical fiber have been reported [25-29]. In this in-line type of
MZI, both arms (reference and sensing) have the same physical lengths with an
OPD, but the cladding mode beam has a lower effective index than the core mode,
which induces a modal dispersion of the optical signal.
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This innovative scheme of in-line waveguide interferometers can be accom-
plished using different techniques, as presented in Fig. 1.9.

In the configuration shown in Fig. 1.9a, a part of the optical signal in the guided
modes in the core of a Single Mode Fiber (SMF) is coupled into the non-guided
modes in the cladding by using a Long Period Grating (LPG). The signal in the non-
guided modes is then re-coupled again into the core guided modes using also an
LPG [25-27].

In the configuration represented by Fig. 1.9b, the beam splitting is obtained by
splicing two fibers with a lateral offset and creating a mismatch in the fibers core,
which enables the possibility of part of the signal to be transferred from the core
modes into the cladding modes [11, 28].

Another technique used for the production of in-line MZIs is based on the air
hole collapsing in crystal fibers, depicted in Fig. 1.9c. In this configuration, the core
mode optical signal is diffracted in the air-hole and part of it is coupled into clad-
ding modes [11, 28].

Lastly, Fig. 1.9d shows the configuration of an in-line MZI, which uses fibers
with different core diameters to obtain the OPD needed. For the production of this
MZI, a fiber with a smaller core is spliced to a normal SMF. In the fiber with a
reduced core, the optical signal is guided not only in the core modes, but also in the
cladding modes [29].
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Fig. 1.10 (a) Basic configuration of a Michelson interferometer and (b) schematic of an in-line
Michelson interferometer

1.2.2 Michelsen

Michelson interferometers (Mls) also need two arms to generate an interference
signal, but in this particular configuration, each optical signal is reflected at the end
tip of each arm, and coupled again into the OSA, as represented by the schematics
in Fig. 1.10a [30, 31].

In a vague approach, one can see an MI configuration as half of an MZI, with the
existence of a mirror surface representing the main difference between them.
Although their production methods and operating principles are similar, the fact that
MIs use reflection modes makes it possible for them to become compact and practi-
cal for use and installation. Moreover, the possibility of connecting several sensors
in parallel also provides them with multiplexing abilities [11].

Similar to MZI, it is also possible to create an in-line configuration as shown in
Fig. 1.10b for MI type of sensors [30]. In this configuration, the core mode optical
signal is coupled into the cladding mode(s). Both signals, the one propagating in the
core mode and in the cladding modes, are reflected by a mirror surface at the fiber
end tip. Several optical fiber sensors, based on in-line MIs, have been proposed for
monitoring of parameters, such us refractive index and temperature [30-34].
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1.2.3  Fabry Perot Interferometer

A Fabry-Perot interferometer (FPI) is generally formed by two parallel mirror sur-
faces with given distance (L) between them. The interference happens due to the
interaction between the reflected and transmitted optical signal at the two mirror
surfaces. Regarding the optical fiber FPI, it can be produced by creating reflecting
surfaces outside or inside the optical fiber [35]. Considering the place, where the
reflecting surfaces are built and implicitly where the interferometric cavity is cre-
ated, the FPI sensors can be classified as extrinsic or intrinsic FPIs. When the inter-
ference is created by an external parameter formed outside of the optical fiber, the
resulting FPI is extrinsic, as shown in the top part of Fig. 1.11. On the other hand,
intrinsic FPIs have the reflecting components (cavity) within the fiber itself, as the
bottom part of Fig. 1.11 shows [36, 37].

The main advantage of the extrinsic cavity lies in the possibility to obtain a high
finesse interference signal, since it can use high reflecting mirrors. Additionally, its
production is quite simple and can be cost effective, as it does not require expensive
devices. Nonetheless, the extrinsic cavity FPI sensors have disadvantages regarding
the coupling efficiency and accurate alignment [11].

On the other hand, in the case of intrinsic FPIs, the coupling efficiency is not a
problem as the reflecting components are within the optical fiber. The interference
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cavity of the intrinsic FPI can be produced by several and different methodologies
such as micro machining [38, 39], chemical etching [40], fiber Bragg gratings
(FBGs) [41], thin film deposition [42], among others.

The spectrum generated in an FPI cavity is related to the optical phase difference
between the two signals, reflected and transmitted. For a given wavelength, the
maximum and the minimum amplitude of the modulated spectrum are indication
that both signals are in-phase or out-of-phase, respectively, in a 2 modulus. The
phase difference, dxp; of the FPI cavity can be translated as [11]:

Sppy = —nlL (1.1)

where /A is the wavelength of incident optical signal, n is the refractive index of the
cavity material, and L is the cavity physical length.

Sensing wise, if a perturbation is induced into the sensor, the OPD generated
influences the phase difference of the interferometer signal. As an example, longitu-
dinal strain applied to the FPI cavity changes the physical length of the cavity,
inducing a shift in the reflected spectrum. By accessing the shift in the wavelength
spectrum, it is possible to quantify the strain applied [38].

The space between two interference peaks, free spectral range (FSR), is also
influenced by the OPD (short OPD produces larger FSR). A large FSR means a
wide dynamic range, but a poor resolution for the sensor, and therefore, in the
design of the sensor cavity, it is important to balance the ratio between the required
dynamic range and the resolution obtained with it [11].

Also, changes in the RI of the cavity material result in phase variation of the
reflected spectrum [43]. For RI monitoring, extrinsic FPI sensors are more suitable,
since samples can access the cavity [44]. Although the use of intrinsic cavities has
been reported for RI sensing, the design of the sensor generally requires elaborate
and expensive laser machining process [39]. Nevertheless, a low cost fabrication
process has been recently reported [12, 38, 44, 46].

In addition to extrinsic FPI sensors, a variety of intrinsic FPI sensors have been
developed with various fiber structures [45]. Among them, a double cavity structure
fiber FPI is unique and interesting [35] and a new low cost high temperature sensor
has also been proposed [46].

1.2.4 Sagnac Interferometer

Sagnac interferometers (SIs) are easy to fabricate, presenting a simple and robust
structure. Such advantages brought them to the spot light; hence they became of
great interest for several sensing applications [47, 48].

An optical fiber Sagnac Interferometer is basically composed of an optical fiber
loop in which two optical signals, with different polarization momentum, are guided
in counter directions as illustrated in Fig. 1.12. The input optical signal is split into
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two directions through the fiber coupler and the two counter-propagating beams are
re-coupled again. The reflected signal, with the interference spectrum, is then
detected by the OSA/Interrogator system [47].

In SI sensors, the OPD is determined by the speed of the guided mode along the
loop, which is polarization dependent. In order to maximize this polarization-
dependence effect, birefringent optical fibers are often used for the sensing arm. The
output signal is a result of the interference between the signals polarized along the
fast and the slow axis. The ¢ interference phase can be translated as follows

S5, =27nBL,B=|nf—ns| (1.2)

where L is the length of the sensing fiber arm, B is the birefringent coefficient, and
nyand n, are the effective indices of the fast and slow modes, respectively [11].

These sensors can be effectively used for temperature sensing (doped fiber
has high thermal expansion coefficient inducing a high birefringent oscillation)
[49, 50]. For monitoring of parameters such as pressure, strain or torsion, the
use of polarization maintaining fibers may be required; hence high birefringent
characteristics can reduce the sensing capacity due to their strong temperature
dependency [50].

1.3 Wavelength

The sensing devices in this category are based on the principle that any variation in
the monitored parameter will induce a shift in the wavelength of optical signal.
Bragg Grating based sensors and fluorescence sensors are the two most famous
examples of wavelength modulated sensors, which are introduced in detail in the
following two subsections.
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1.3.1 Fiber Bragg Gratings

Fiber Bragg gratings are sensing elements, which are inscribed by ultraviolet (UV)
lasers into the core of an optical fiber. In addition to all the advantages of an OFS,
these devices have an inherent self-referencing ability and can be easily multiplexed
along a single fiber. Its field of action is wide, from structural health monitoring to
smart materials incorporation, and can even be introduced in bio applications [51].

The Fiber Bragg Grating (FBG) sensor system operation principle lies in the
monitoring of the wavelength shift of the optical signal reflected by the grating,
which is called Bragg wavelength. Bragg wavelength, 4,,,, (Wavelength of the sig-
nal reflected), which is a function of the monitored parameter (strain, temperature,
etc.), is correlated to the effective refractive index of the fiber core, n,4, and the grat-
ing period, A by [51]:

=2n,.,A (1.3)

From Eq. (1.3), it is clear that the Bragg wavelength is influenced by changes in
the grating period (used for strain sensors) or the effective refractive index (used for
temperature sensors) [52]. The relation between the strain and temperature variation
and the Bragg wavelength is given by the following equation, where the first term
represents the strain effect on A, and the second term describes the temperature
effect [52]:

Ao = Aprage (1= pO) A& + A, (a0 +E)AT (1.4)

Bagg
where AAg,,, represents the change in the Bragg wavelength, p, a and & are the
photoelastic, thermal expansion and thermo-optic coefficients of the fiber, respec-
tively; Ae is the change in strain and AT is the change in temperature [52].

An FBG sensing system configuration is schematized in Fig. 1.13. A spectral
broadband optical signal emitted by the optical source (interrogator) is launched
into the fiber. The grating reflects a narrow spectral component of the emitted signal
at the Bragg wavelength. In the transmission analysis, the Bragg wavelength com-
ponent is missing from the observed spectrum. The details of such configuration are
illustrated in Fig. 1.13.

FBG sensors can be used for the monitoring of strain and/or temperature at
known punctual/specific locations in an optical fiber network. Strain wise, a physi-
cal elongation of the sensor induces the grating period and the photoelastic effect to
change. As for a temperature sensor, the thermal expansion induced in the fiber
material, associated to the thermal dependence of the fiber refractive index, induces
a wavelength shift in the perturbed grating [51].
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1.3.2 Fluorescence

The development of fibers doped with materials with luminescent properties has
been researched for a long time. It is primarily based upon the original work of
Snitzer in the early 60s, when the use of neodymium doped fiber lasers and optical
amplification configurations was proposed [53]. From this first initiative, a new and
wide range of luminescent doped optical fiber has been developed [53]. As dopant,
elements such as rare earths have been used mostly into silica-based fibers [54].
Different configurations are used for these sensors, but one of the most common
configuration is the fiber end tip sensor. In this configuration, the optical signal
propagates in the optical fiber into a probe of fluorescent material. The fluorescent
signal is then coupled into the same fiber and guided to optical signal analyzer [2].

OFSs, employing fluorescent techniques by coupling crystalline materials into
optical fibers, have been used in monitoring parameters such as temperature and
pressure [51, 53-55].

1.4 Polarization

Polarization modulation based sensors rely on the fact that a given parameter (under
analysis) can induce changes in the polarization state of the optical signal propagat-
ing in the optical fiber [56].

Polarization modulation sensors require the use of fibers, in which it is possible
to preserve the polarization state along the propagation axis. Theoretically, the state
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of polarization should be preserved in standard fibers, but in practice, that is not
completely achieved. This is mainly the reason why birefringent optical fibers, with
two main polarization axes, are used. These axes are called fast axis (lower refrac-
tive index) and slow axis (higher refractive index), depending on the velocity at
which the waves propagate through it. A polarized signal, travelling on the axis with
the higher refractive index, travels slower than the signal in the faster axis [57].

As mentioned earlier, stress or strain can induce changes in the optical fiber
refractive index (induced refractive index). Consequently, a phase difference
between the different polarization directions axis is also induced in a phenomenon
known as the photoelastic effect. Based on the induced refractive index effect, the
external perturbations can be monitored by detecting the variations in the output
polarization state [52]. Figure 1.14 shows the optical setup for the polarization
based fiber optic sensor.

The basic configuration consists of monitoring the polarization of the input sig-
nal emitted by the optical source into a preferred axis of a polarization-preserving
fiber (sensing section of the fiber). Under external perturbation (stress or strain), the
phase difference between the two polarization states changes. As a result, the output
polarization state is also altered according to the perturbation induced and so the
external perturbation can be monitored by observing the output polarization state at
the optical fiber end [58].

1.5 Distributed OFS

In a distributed optical fiber sensor (DOFS) system, the optical fiber is not only the
transmission medium, but also a sensing component.

The scattering phenomenon is the base for the distributed optical fiber sensors
(DOFS) configurations and can be described as the interaction between the optical
signal and the propagation medium. Three different scattering processes are defined,
namely: Brillouin, Rayleigh and Raman scattering [59]. The propagation of an elec-
tromagnetic wave in an optical fiber implies its interaction with fiber particles
(atoms and molecules). This light/matter interaction creates a polarization dipole
dependent of time, which can create a secondary electromagnetic wave, known as
the light scattering [60]. In homogenous mediums, only a forward scattered signal
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is observed. Nevertheless, optical fibers are not a homogeneous medium, since its
density and composition can vary. From the interaction between the optical signal
and the fiber, some energy returns towards the light source originating the backscat-
tering. The backscattering can then be used to evaluate not only the fiber properties,
but also to retrieve information of the environmental effects altering the fiber. When
strain and/or temperature changes are induced into the optical fiber, a modulation of
the scattered optical signal within the fiber is created. DOFS is achieved by monitor-
ing the variation of this modulated signal [59, 60].

DOFSs emerged with the development of a technique called Optical Time-
Domain Reflectometer (OTDR) in the early 80s. In an OTDR, a short optical pulse
is emitted into the optical fiber, while a photo detector analyzes the amount of the
signal that is backscattered with the pulse propagation along the fiber [60]. The time
difference of the backscattered signal of the input pulse is proportional to the length
that the pulse has traveled. This principle is the base for OTDR phenomenon. For a
launched pulsed optical signal with a pulse width of z, the location of the tempera-
ture or stress modulated optical signal change along the optical fiber can be assessed
by the time delay of the speed of light, ¢, with the location accuracy being known as
spatial resolution, AZ, which can be obtained by [60]:

Az __t€
2n,,

(1.5)

where n,; s the effective refractive index of the optical fiber. Typically, a distributed
sensor can replace many point sensors, rendering it very cost effective solution. Also,
it is logistically efficient (regarding weight and size), since it only requires one fiber
and one optical monitor equipment for emitting and receiving the signal. This sens-
ing mechanism can provide accurate local changes in temperature, stress, vibration,
etc. along all the length extension of the fiber, making this DOFS a powerful solution
for structural monitoring of civil or aerospace structures [60]. There are three main
types of OTDR sensing mechanism, which are based on Brillouin [61], Rayleigh
[62], and Raman [63] scattering, as detailed in the following three subsections.

1.5.1 Brillouin

Brillouin scattering is a product of the stimulated acoustic vibrations in the optical
fiber [61]. These vibrations generate a counter-propagating wave, known as Brillouin
scattering wave. In order to ensure the energy conservation law, the frequency
between the Brillouin scattering signal and the original signal pulse is frequency
shifted. This frequency shift is dependent on the temperature and the longitudinal
strain oscillations. This dependence makes it possible to monitor temperature and
strain variations along the fiber length, by using the Brillouin scattering effect [61].
Brillouin optical time domain reflectometer (BOTDR), based on Brillouin scattering,
was developed with the aim of enhancing the traditional OTDR’s range [59, 60].
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Fig. 1.15 The sensing configuration based on the Brillouin scattering

The counter-propagating Brillouin scattering signal is normally a very weak sig-
nal; therefore, its detection requires some coherent techniques. In order to stimulate
the Brillouin scattering (BS) process, a continuous wave (CW) is launched into the
fiber from one end. The BS occurs, when the frequency difference between the
pulse signal (from a pulsed laser) and the CW signal is equal to the Brillouin shift
(resonance condition) [61]. In Fig. 1.15, a schematic diagram of a BS based sensing
configuration is presented.

The first works on Brillouin-based DOFS were focused on temperature monitor-
ing [64] and the optimization of its design on the Brillouin gain/loss mechanism
enabled them to collect information over a length of 51 km (longest sensing length
reported at that the time) [59].

These long-distance distributed sensing mechanisms (typically up to 30 km
BOTDR) can easily reach a sensitivity of 5 ue; hence suitable for structural moni-
toring applications (large scale) [65]. Nonetheless, these systems are limited to a
rough spatial resolution of 1 m; hence not adequate for a structural monitoring
applications requiring higher resolution (less than 1 m) [59].

1.5.2 Rayleigh

Rayleigh scattering (RS) is characterized by the fact that the incident optical power
is proportional to the scattered optical power, being therefore a linear scattering
process with its origins in the density fluctuation of the optical fiber material [60].
Moreover, there is no energy exchange into the fiber core; therefore, the frequency
of the scattered signal does not change, when compared to the frequency of the
input signal [60, 66].

In Rayleigh-based DOFSs, the scattering itself is used mainly to locate and dis-
close propagation effects (attenuation, phase interference, polarization), which are
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the real sensing mechanisms that can be exploited in Rayleigh-based DOFS imple-
mentation [60].

When the scattering process occurs, part of the scattered signal is captured in the
guided modes of the optical fiber and back propagates towards the fiber input. This
“backscattered signal” is the one detected by Rayleigh-based DOFSs. Such signal is
in general rather weak (several tens of dB less than the incident light) [66]. This fact
represents the main technical difficulty in Rayleigh-based DOFSs.

Although the Rayleigh scattered signal may be weak (which is considered the
main disadvantage of Rayleigh-based DOFSs), they are sensitive to several physical
parameters besides temperature and strain, namely, relative humidity [67], concen-
tration of chemicals [68, 69], radiation detection [70], vibration and intrusion [71],
among others.

1.5.3 Raman

Raman distributed optical fiber temperature sensor system, which was reported in
the mid-80s, is one of the most successful DOFS developed to date. This sensor
employs the Raman scattering in the optical fiber to measure temperature values.
The Raman backward scattering is modulated by the temperature gradient along the
fiber axis, making it possible to determine the real-time temperature distribution in
the fiber [63].

Raman scattering DOFS networks can be used in wide range of structures,
including the monitoring of bridges, roads, dams, gas and oil pipelines, water sup-
ply systems. More importantly, their possible association with wired or wireless
networks makes them suitable for the Internet of Things (IoT) scenario, for problem
identification, assessment and control [72].

1.6 Summary

The use of optical fiber sensors in communications have been around for some time
now. However, lately optical fibers have gained a lot of attention in the field of sens-
ing, owing their success to a number of inherent characteristics of optical fiber sen-
sors (OFSs). Inherently, optical fiber sensors are small in size, light weight, resilient
to external harsh environment and immune to electromagnetic interference. There
have been extensive research in the field of optical fiber sensing, resulting in mul-
tiple mechanisms of optical fiber sensing and many applications of OFSs in differ-
ent fields. This chapter introduced the concept of optical fiber sensing, highlighting
the advantages of using optical fibers in the field of sensing, while pointing out the
limitations of the field. The chapter has gone through the multiple existing tech-
niques (modulation/demodulation) used for sensing, listing the multiple types in
each categories.
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To sum up, optical fiber sensing can be divided into main categories, namely
intrinsic and extrinsic, based on whether the perturbations occur within the fiber
itself, or outside, in which situation the fiber is only used as the information carrier.
Alternatively, OFSs can be divided into different categories based on the type of
modulation/demodulation process and operating principal. Mainly, sensing using
optical fiber can fall under one of the following categories: phase, frequency, inten-
sity, or polarization sensor. OFSs operate through monitoring the value of those
parameters, which is usually changed due to variations in the monitored external
perturbations. Each of this category includes subcategories, which have been listed
and detailed within the different subsections of the chapter. For each type, the
advantages and limitations have been discussed.

This chapter can act as a starting guideline for readers new to the field of optical
fiber sensing, to gain the required knowledge about the basics of sensing using opti-
cal fibers and to understand the different techniques used in OFSs. Through this
chapter, the reader can obtain information with regards to which type of OFS to use
or investigate further.

Having understood the basics and principles of optical fiber sensing and gotten
familiar with the different existing categories of OFSs, the brief introduces different
methods for the fabrication of each category in Chap. 2. The fabrication methods are
detailed, while highlighting advantages and limitations of each fabrication method.
Chapter 3 moves one step forward towards discussing different methods used to
achieve lower-cost production methods of Silica OFSs. Chapter 4 complements
Chap. 3, by introducing Plastic/Polymer Optical Fiber (POF), as an economical
alternative to Silica Optical Fibers. Both Chaps. 3 and 4 represent a vital step
towards producing low-cost OFSs, suitable for Internet of Things (IoT) applica-
tions. Chapter 5 then introduces the reader to the concept of IoT and its applications.
The chapter provides a brief overview of the IoT concept and shows the importance
of sensing within IoT. The chapter then concludes by presenting different fields,
where OFSs have been used or would represent an added value.
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Chapter 2

Silica Optical Fiber Sensors Production
Methods

The concept of OFS is not new and has been around since the 1960s, but OFS has
made the big leap to practical implementation, only thanks to the advances in mod-
ern low-loss optical fibers, although some trails using low-loss optical fibers were
shown in 1970s [1, 2]. The field of OFS owes its advancement to the progress
achieved in the general field of optical fiber and optoelectronic instrumentation.
Specifically, the advancement in the field of optical fiber communication systems—
such as viable key components: light sources and photo detectors—has helped
bringing the costs of OFS systems significantly down. The low cost of sensors is one
of the main drivers for the interest in the concept of optical fiber sensing and will be
a key issue in the argument of adopting OFS in the concept of IoT, with a wide range
of applications [3-5].

Having introduced the concept of optical fiber sensing and the different types of
available optical sensing techniques (i.e. modulation/demodulation) in the previous
chapter, this chapter moves to the details of the different production methods of
Silica OFSs.

The chapter discusses the production methods of the five different types of sen-
sors (previously introduced in Chap. 1), namely Intensity sensors, Phase
Interferometer sensors, Wavelength sensors, Polarization sensors, and Distributed
Optical Fiber sensors. Each type of sensors will be described in a separate section,
with subsection describing the production methods and another subsection listing
the most typical application of such type of sensors. The sections will further
address the complexity of the production process, analyzing and comparing the
sensitivity and accuracy of different types of manufactured sensors.

This chapter can be used as guidelines for readers, who are trying to decide
which production method to use for their applications and requirements.
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2.1 Intensity Sensors

The first type of sensors discussed is the Intensity-modulated sensors, which is
amongst the earliest OFSs studied. Basically, the concept of Intensity-modulated
sensors depends on modulating the intensity of light passing through the fiber by
various means including bending, reflectance or changing the medium. The attrac-
tive attributes of such type of sensors are its ease of fabrication, simple detection
method and low-cost [4, 6, 7].

2.1.1 Production Methods

In the previous chapter, different techniques of intensity-modulated based fiber sen-
sors have been presented, such as fiber displacement, transmission loss, reflective,
and evanescent field. This subsection will discuss the production process of those
different techniques.

The first technique is fiber displacement sensor, in which two optical fibers are
connected in series. The light source and the detector are connected at either side of
the optical fiber. When any movement or displacement, either in transverse, longi-
tudinal angular or differential direction occurs between the two fibers, the light
intensity received by the detector changes [8], as shown in Fig. 2.1.

In a reflective intensity sensor, the fibers for the input and output optical signal
are placed in parallel configuration with each other (in a two fiber parallel coupling
configuration), while the target object is placed in a close distance to the fiber ends,
as illustrated in Fig. 1.7a of Chap.1. The target object reflects the light depending on
the distance from the fiber end and the interaction of the reflective material with the
incident optical signal. The optical fiber connected to the optical signal analyzer
(OSA) detects the changes of the reflected optical signal [4, 8].

Another intensity sensor can be built based on the modulation of the transmitted
light by the optical fiber, by inducing a bend on it. The measured parameter causes
a bending in the fiber, which results in changes in the light intensity of the output
signal. Any physical action able to induce or change a bend in the optical fiber can
be monitored using this technique. There are two types of fiber bending, namely
Microbend and Macrobend.

Fiber movement

i}

Optical signal Analyser Optical signal source/
(0SA) Interrogator

Fig. 2.1 Schematic diagram of a displacement intensity sensor
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Microbend based sensors are used in applications where the measured parameter
such as strain, pressure, or force can be mechanically attached and related to the
movement of platforms that can induce microbends in the optical fiber [9]. The
sensing fiber is placed in between teeth-like deformers to trigger the optical fiber
loss. In that way, the sensor probe senses the measured parameter, which is induced
by decreasing the distance between the upper and lower teeth, resulting in a series
of bend formation along the length of the fiber [9]. The continuous movement of the
grooved platform can be linearly related to the optical signal loss in the output fiber
end. This mechanism was illustrated in Fig. 1.5 in Chap. 1.

The second type of bending is the macrobending technique. Contrary to micro-
bending, no deformer is required to change light intensity in the macrobending pro-
cess. In macrobending, the fiber is shaped into U-shaped, round loop(s), sinusoidal
shape or other comparable bending formations, which permit attenuation in light
intensity, as represented in Fig. 2.2.

The fiber sensing section is then placed in contact with measured parameter,
which by altering the radius of the sensing fiber will induce changes in the light
intensity that is received by the light detector. The change in the intensity of the
output optical signal will be a function of the value shift of the parameter [8, 10].

The last type of intensity sensor is the evanescent field sensors, which is a phe-
nomenon characterized by the fact that the optical signal along the fiber is not
totally trapped in its core (for incidence angles near to the critical angle), but some
signal leakage can occur into the surrounding medium, more specifically into the
cladding [11].

The design of optical fiber is made for the optimum signal propagation with
minimum loss possible. Nevertheless, when sensing is involved, it is essential that
the optical signal interacts with the surrounding environment, in order to monitor its
parameters.

To boost the interaction of the optical signal propagating in the fiber with its
boundary, the evanescent field of the transmitted light should be exposed, which
can be achieved by reducing or removing part of the optical fiber cladding. Once
the cladding is removed, and the substrate is placed in contact with the optical
fiber, the parameters under analysis can be detected through the leakages created
by the absorption of the evanescent field, which modulates the optical signal
intensity [3, 11, 12].
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In this simplistic design, the penetration depth of the evanescent field is not
enough for an accurate and efficient sensing [3, 12]. In order to optimize this sens-
ing mechanism, research efforts have proposed solutions such as the use of macro-
bending, optical signal input angle shift, fiber tapering or the use of special fibers
like D-shape fibers or microstructure fibers [13—17].

2.1.2 Typical Sensing Applications

Optical fibers are intrinsically safe for human use in the field of healthcare, due to
their chemical inertness and non-toxicity, in addition to their dielectric nature and
tiny size, which make them suitable for miniaturized devices or embedment into
textile materials for sensing. Such characteristics of optical fibers have motivated
extensive research of using high sensitive intensity based OFSs in physical, struc-
tural, biological, chemical and biomedical fields [4].

For instance, microbend OFSs have been explored, with good performance, for
the monitoring of parameters such as pressure, temperature, strain, vibration, accel-
eration, displacement, humidity, pH, and in the monitoring of breath rate and respi-
ratory/body movement [7, 18-21]. The main advantage of microbend OFSs over
other OFS types is their design simplicity and low production costs.

In the rest of this subsection, different specific examples of health monitoring
applications, which have been discussed in literature, will be presented, highlight-
ing sensing configuration and advantages.

Low back pain (LBP) is one of the main health issues associated with the lumbar
spine (part of the spinal column between the thorax and sacrum), and its diagnosis
and rehabilitation procedure requires accurate assessment of the lumbar spine condi-
tion. For such precise diagnosis, Dunne et al. suggested using OFS for monitoring the
lumbar spine in [8, 21]. They used an optical fiber bending sensor, which was attached
to a wearable textile outer surface allowing the sensor to move vertically. They placed
the optical signal source and a detector at either end of the fiber. The intensity of the
output optical signal was modulated according to the degree of the bend in the fiber,
which is directly correlated to the curvature of the lumbar spine [21].

Other approaches, based on intensity modulated, use a series of coupled fibers
along the spinal, which modulates the spinal angle movements by monitoring the
light intensity output [22]. Also using the coupling efficiency between two optical
fibers, it is possible to monitor the upper limbs. The misalignment between two
coupled fibers can be related to the angle of the joint movement [8].

Similarly, for the monitoring of the lower limb, different sensing solutions have
been used. For instance, Bilro et al. presented an optical fiber technology based on
the microbending effect to monitor the gait movements. In this approach, the fiber
is placed along the knee joint in vertical alignment, while the optical signal source
and the output detector are placed at different ends of the fiber. The knee movement
is then measured by recording the light attenuation, which occurs due to direct fiber
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bending [23]. This technology is neither as bulky as similar inertial gait sensors, nor
as expensive as video monitoring approaches [8].

OFSs are also applied for another health monitoring application, namely respira-
tory monitoring, where macrobending intensity modulation effect is used [7,
24-26].

In those approaches, configurations such as U-shape bent fiber or fiber shaped in
sinusoidal form with a concentrated distribution, imbedded in a textile elastic belt
(to be placed at the patient thoracic area), are used to monitor the respiration rate
associated to the abdomen movement [24, 25].

Nevertheless, this approach still presents some drawbacks, such as uneven force
distribution, un-proportionality between the bending loss and the number of loops
in fiber and the fiber bending radius dependence on the optical signal input wave-
length [26].

From a signal point of view, heart rate is similar to respiration rate, except for
the frequency. The frequency of human heart beat lies in the range of 0.7-1.8 Hz
(40-110 beats/min), while the respiration beat is much lower lying in the range of
0.2-0.5 Hz (12-30 beats/min) depending on the person age. Having such similar-
ity, same (or at least very similar) sensing methods can be used for heart rate
monitoring [8].

Finally, it is worth mentioning that the type of fiber has significant effects on the
cost, performance and other handling concerns for the sensor implementation. One
issue, related to the macrobending technique described in the applications men-
tioned above, is the difficulty to distinguish between normal and abnormal bending
of fiber during the monitoring process. One possible solution is to implement the
optical time-domain reflectometry (OTDR), which is able to monitor the loss distri-
bution along the fiber length [8].

Besides its biomedical applications, intensity based optical fiber sensors also
paved their way into other differentiated fields, such as the Structural Health
Monitoring (SHM).

In the SHM field, this technology is applied for the monitoring of buildings,
bridges, tunnels, wind turbines, railway, geotechnical and highway structures, pipe-
lines, among others [27, 28].

Also, chemical parameters and solution elements can be monitored based on
intensity OFSs. For instance, a flexible and accurate evanescent wave technology
based on the cladding lateral polish of the optical fiber with low-cost light sources
has been presented for pH, relative humidity and temperature monitoring [11].

2.2 Phase Interferometer Sensors

The second type of OFSs, to be discussed in this chapter, is the Phase-modulated
sensors, which are also known as interferometric sensors. Phase Interferometer sen-
sors are built based on the phase difference of coherent light, which travels through
two different paths, either in one same fiber or different fibers. Interferometer
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Optical Fiber Sensors (IOFSs) are characterized by high-sensitivity, since they are
able to respond to the smallest changes in the external measured feature or param-
eter. Phase interferometric fiber sensors cover multiple types including Mach—
Zehnder, Michelson, Fabry—Perot, and Sagnac interferometers [29].

The length of the optical path of each arm of the IOFS, which is a derivate of the
fiber refractive index and the fiber geometrical length, can be influenced by environ-
mental physical parameters. This optical path length variation can be precisely mea-
sured by optical fiber interferometry. By measuring the phase difference, the change
in the environmental physical parameter can be quantified. This is the principal
concept of IOFS operation [30].

2.2.1 Production Methods

It is worth mentioning that the nature of the targeted application affects the produc-
tion of OFSs in general, and IOFSs are no different; hence IOFSs are produced
using different techniques, either for discrete, quasi-distributed, or distributed fiber
sensing applications. In applications as intruder detectors, where IOFS are produced
using distributed or quasi-distributed monitoring, commercial optical fiber can be
used. This commercial optical fiber is basically the same as the one used for optical
fiber communications. In many applications such as for temperature, fiber optical
gyroscope (FOG) or strain measurements, no special optical fiber is required [30].

Not only the optical fiber depends on the application, but the jacketing and clad-
ding of the OFS have to be designed to suit the specific application. For instance, for
strain sensing, the optical fiber cable structure must be resistant to temperature shift
and block the heat transfer to the optical fiber sensing element, in order to prevent
the temperature influence in the measured strain values [29].

On the other hand, in other applications (bio chemical sensing) based on refrac-
tive index change or other different spectroscopy methods, the cladding of the fiber
sensor should be completely removed, so the substrate maintains a direct contact
with the sensing element. Different methods for removing fiber cladding have been
used, including chemical etching by hydrogen fluoride acid and fiber tapering by
CO, laser or hydrogen torch [31].

As previously introduced in Chap. 1, different types of IOFS include Fabry—
Perot, Mach—Zehnder, Michelson, and Sagnac principle based sensors. Owing to
their several advantages such as easy alignment, high coupling efficiency, and high
stability, IOFSs have been widely investigated for micro-scale and in-line
applications [30]. Within the in-line configuration, the sensing element can be
intrinsic or extrinsic to optical fiber.

For Extrinsic Fabry-Perot Interferometer (EFPI) fabrication, the cavity is formed
outside the optical fiber, by external reflective surfaces. The advantage of such con-
figuration is its easy production method with low-cost equipment; nevertheless,
they may present some drawbacks, such as packaging, accurate alignment and low
coupling efficiency [29]. To overcome such low coupling efficiency issue, Photonic
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Crystal Fibers (PCFs) are used. An FPI cavity can be formed by inducing the air
holes for the fiber to collapse, by electric discharge or laser incidence. The collapse
of the air holes can easily create a lens at the PCF end, which acts as a reflective
surface [30, 32, 33].

In contrast, in the case of Intrinsic Fabry-Perot Interferometers (IFPIs), the mir-
rors are placed inside the optical fiber itself. IFPIs can become expensive, since they
require high-cost equipment for fabrication [29]. Nevertheless, new low-cost solu-
tion has also been reported for the production of inline FPI microcavities, only by
splicing a standard optical fiber with recycled optical fibers previously destroyed by
the catastrophic fuse effect, which presents a considerable economical solution of
optical fiber sensing [34, 35].

Among the interferometric OFSs, sensors can be based on a resonance or on a
non-resonance mechanism. One sensor based on resonance is Sagnac resonators,
which operate on the principle of constructive and destructive interference. The
resonance frequency varies according to the changes in the monitored environmen-
tal parameters. The measurement of such resonance frequency is used to monitor
the physical parameter under study. The output optical signal contains the amplitude
or phase shift at a given frequency, which can provide the information of the moni-
tored surrounding environment [29].

Alternatively, non-resonance IOFSs function is based on comparing the optical
path difference (OPD) of the different arms of the optical fiber interferometer (Mach—
Zehnder, Michelson based sensors). In such technique, at least two arms are used,
while only one of those arms is exposed to the environmental variations. The other
arm is placed isolated from the variation, working as the reference arm. The OPD can
be easily measured by monitoring the changes in the output optical interference sig-
nal. Resonators phase is strongly influenced by the optical length change in the reso-
nance frequency proximity. In order to enhance the sensitivity of a non-resonance
IOF, the implementation of resonators in the sensing arm is highly advised [30].

2.2.2 Typical Sensing Applications

Different sensing configurations (from point, quasi-distributed or distributed sens-
ing) are chosen based on the location of the required measurement. Point sensors
are used when monitoring a physical parameter at a certain position, while distrib-
uted fiber sensors are the choice, when continuously measuring a sensed parameter
along the length of the fiber. Finally, quasi-distributed sensors can monitor a physi-
cal parameter at finite positions, along the length of the optical fiber. Interferometric
OFSs can be implemented in the three different configurations [36].

For a quasi-distributed sensing implementation, some multiplexing techniques
are required to be implemented. Different multiplexing techniques can be used,
namely frequency division multiplexing (FDM), time division multiplexing (TDM),
code division multiplexing (CDM), wavelength division multiplexing (WDM),
space division multiplexing (SDM), and hybrid multiplexing schemes [36—39].
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The multiplexing schemes (to transmit the output data) are chosen considering
features like the number of sensors to multiplex, the sensor frequency response, the
dynamic range need, the financial cost, and economic impact [30].

All types of IOFSs are suitable for temperature monitoring. In Mach—Zehnder
and Michelson IOF, the reference arm is kept at a given constant temperature, while
a sensing arm is deployed at the position where temperature monitoring is required.
In-line Mach—Zehnder and Michelson interferometers can also be used as integrated
temperature sensors.

When using Sagnac interferometer for temperature sensing, the fiber of Sagnac
ring is doped in order to achieve a high thermal expansion coefficient, which induces
a high-birefringence shift [29, 30].

Another application, where interferometer sensors are used, is strain sensing.
Strain usually induces a considerable variation of the optical fiber dimensions,
which lead to strong shift of the refractive index of the fiber (both in the core and
cladding) [29]. However, strain sensing OFSs sometime suffer the drawback of
mutual sensitivity to temperature. But with the choice of an appropriate fiber protec-
tion or its composition, the effect of the variation in both parameters can be effi-
ciently separated. Practically, it is possible to distinguish the different effects and
hence produce sensors insensitive to one of the parameters (temperature or strain)
[30]. The strain sensing OFSs are adequate to use for many applications including
seismographs, hydrophones, geophones, structural health monitoring, etc.

An acoustic OFS, known as fiber hydrophone, is characterized by its high sensi-
tivity and wide dynamic range when compared to conventional piezoelectric (PZT)
ceramic sensors. Additionally, optical fiber hydrophones are immune to electromag-
netic interference, do not require electronic devices at the monitoring set and can be
deployed in a large number. Those features are essential for applications such as
seismic exploration for oil reserves. Optical fiber hydrophones are, therefore, the
answer to this quest, since they are able to multiplex a big number of sensor outputs
on a single optical fiber [30, 40].

IOFSs are adequate to produce both types of strain sensors: in transmission and
reflection configuration. Mach—Zehnder interferometers have been widely used in the
early optical fiber hydrophone systems, specifically in transmission-type sensor [41].
In contrast, the Michelson configuration is more appropriate for building a reflective
fiber hydrophone array. In such configuration, the induced light passes through the
sensing arm twice; thus, providing twice the sensitivity of a Mach—Zehnder interfer-
ometer [41].

Alternatively, the Fabry—Pérot optical fiber hydrophone is considered the sim-
plest transmission-type strain sensor, which possesses the advantages of being com-
pact, but suffers from small dynamic range [41-44].

Due to OFSs ability to measure strain and temperature simultaneously through
multiplexed interferometric, they offer various advantages in structural engineering,
both for the quality control during construction process and also, thereafter for mon-
itoring the health of buildings through time. IOFSs have been demonstrated for use
in many important structures such as aircraft, marine vehicles, dams, and bridges.
Moreover, IOFSs have been also implemented in the electric power industry for
remote load monitoring of power transmission lines [27, 34, 35, 45].
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2.3 Wavelength Sensors

Moving on towards one of the most commonly investigated type of OFSs, this
section discusses wavelength-modulated OFSs. The concept of wavelength-
modulated OFSs is built based on the idea of the variation in the propagating
optical wavelength (spectral modulation) by an external monitored perturbation.
Some of the common wavelength-based OFSs are Bragg grating sensors and
fluorescence sensors.

Out of those wavelength modulated OFSs types, Bragg grating sensors are the
most commonly used and are considered the most promising development tech-
nique [46].

Fiber Bragg gratings (FBGs) are written in optical fibers, by inducing periodic
modifications in the optical fiber refractive index [46]. Such modulated periodic
structure enables the propagating optical signal to be coupled into a backward prop-
agating core mode, creating a reflection optical signal [46]. This reflected optical
signal (reflected Bragg wavelength) is sensitive to a range of physical parameters;
hence, FBG-based sensors can be used in a variety of applications [47, 48]. On the
other hand, fluorescent-based OFSs are used for different physical and chemical
monitoring, including temperature, humidity and viscosity [49].

In the following section, the different production methods of wavelength modu-
lated OFSs are discussed, concentrating on FBGs development due to its popularity.
These sensing elements attracted a widespread research level, which boosted its
rapid development. Hence, multiple techniques have been elaborated, along with
several demodulation techniques [47].

2.3.1 Production Methods

The discovery of FBG modulation had significant impact on the development of
optical fiber sensing. Since they were first investigated for sensing purposes in 1989,
FBG sensors have gained wide attention resulting in a variety of demodulation tech-
niques for different monitored parameters and diverse applications [48]. Due to its
popularity and widespread use in telecommunications and sensing application, the
production methods of FBGs are discussed in more details compared to other OFSs
techniques.

FBGs in general are very sensitive to any slight perturbation of the fiber in the
grating region; hence they have been extensively investigated in the field of optical
sensing. The information with regards to the variation in the measured parameter is
wavelength encoded [50].

FBGs are usually functioning based on periodic perturbation of the refractive
index along the optical fiber core longitudinal axis [47]. The grating structure is
inscribed in the optical fiber to form a selective reflective structure for the wavelength,
which satisfies the Bragg condition.
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When an optical source is used to illuminate the FBG, only a narrow band spec-
tral component, corresponding to the Bragg wavelength of the grating (Agy,), is
reflected, whereas all the rest of wavelengths outside the reflection band are allowed
to pass [47, 50].

The fabrication of FBGs has passed through multiple phases to reach its current
state. In 1981, Lam and Garside mentioned that the mechanism of the formation of
FBGs was basically due to the interaction of ultraviolet (UV) light with defect states
of the doped silica core [47, 51]. Later on, it was shown that any change in the
refractive index could be induced in all germanium-doped optical fibers. This find-
ing has opened new doors in the manufacture of FBGs, resurrecting the interest in
its research activity [47].

However, it took almost a decade till another breakthrough in FBG inscription
occurred. The technique popularly known as the external inscription technique of
writing FBG, was demonstrated by Meltz et al. [47, 52].

In this approach, a 244 nm beam is used, which is split into two and recombined
to create an interference pattern at the photosensitive fiber core. The interference
pattern induces a punctual and permanent change in the core refractive index [52].

The period of the interference pattern and the refractive index change are deter-
mined by the angle between the two split beams, which can be adjusted to produce
gratings according to the desired reflected Bragg wavelength [48, 52].

Alternatively, FBGs can be written using phase masks [53]. A Phase mask is
made of period patterns usually etched onto fused silica [47]. In such configuration,
when the UV radiation hits the phase mask, the zero-order diffracted beam is almost
totally suppressed (less than 3% of the transmitted power), while the diffracted
orders +1 and —1 are maximized (>33% of the transmitted power) [53]. Figure 2.3
shows the schematic setup used to write FBGs using a phase mask.

Another more flexible method for inscribing Bragg gratings into an optical fiber
is the point-by-point method. This method uses an UV source, which is passed
through a slit and focused on the fiber to induce a refractive index change at a cer-
tain location. The fiber is then shifted a distance “A”, which matches the period of
the Bragg condition [47, 54]. However, Point-by-point technique cannot be applied
for first-order gratings, due to its submicron translation and tight focusing require-
ments. Basically, the length of the grating needs to be considerably small and
research efforts have only managed to produce second and third-order gratings, like
the work of Malo et al. [47, 54].

There are multiple methods for producing grating fringes in optical fiber, using
different photosensitive mechanisms. The underlying photosensitivity mechanism
is referred to as the type of gratings. The method used to create the grating fringes
greatly affects the physical attributes of the produced grating, specifically tempera-
ture sensitivity and resistant to elevated temperatures. According to current litera-
ture, five types of FBG exist with different photosensitivity mechanisms, namely
Type I, Type IA, Type IIA, Type II, and regenerative grating [47].

Type I regime depends on the monotonic increase in refractive index modulation
of a grating using UV exposure. The growth dynamics of this type of grating can be
described by a temporal evolution of the refraction index [55]. Although the inscrip-
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Fig. 2.3 Set up typically implemented to inscribe FBG sensors in photosensitive optical fiber

tion process is quite simple in photosensitive optical fibers, Type I gratings present
a low thermal stability [47]. For temperatures below 300 °C, the grating modulation
remains constant, but it starts decaying for higher values of temperature.

Type IA gratings are basically a derivate of Type I gratings. They are simply pro-
duced through exposing a standard grating in hydrogenated germane-silicate fiber
to a prolonged UV beam [56]. Type IA gratings have the lowest temperature coef-
ficient, when comparing with other grating types; hence, they are ideally adequate
for temperature compensating in sensor applications.

Type I1A FBGs are similar to Type I gratings, when it comes to spectral charac-
teristics. The gratings require a long process for inscription, which is usually done
following Type I grating inscription [38]. Contrary to Type I, Type IIA gratings are
more stable at temperatures up to 500 °C [47].

Type Il Bragg gratings are produced using excimer lasers, with very high pulse
(>0.5 J/cm?) [57]. The concept is based on the idea that a sudden sharp increase in
the refraction index happens, once the power of UV light passes a certain threshold.
Such sharp index change, known as Type II, results in the highest stability at extreme
temperatures up to 800 °C [47].

The last type of gratings explained here are the Regenerated gratings. The
Regenerated gratings can be produced by annealing gratings of Type I; hence the
name Regenerated. The regeneration process should occur at temperatures higher
than 500 °C. Regenerated gratings are more similar to Type II gratings and they can
be repeatedly cycled to very high temperatures without degradation [47, 58]. Recent
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findings have shown that this method can produce gratings, which are able to oper-
ate at extreme temperatures, as high as 1295 °C, outperforming even Type II grat-
ings. This performance presents an extremely attractive solution for
ultrahigh-temperature applications [58].

Additionally, FBGs can be classified depending on both the grating periodicity
and refractive index. The most common category of FBG is the uniform grating,
which has a constant grating pitch. The grating period is typically in the range of
0.25-0.5 pm, with the light coupled into the backward propagating direction. This
type of grating is an excellent temperature and strain sensing [47]. Another type of
FBG is the tilted grating, which has phase fronts tilted with respect to the fiber axis.
In such configuration, the angle between the grating planes and fiber axis is less than
90° [47, 59]. These gratings allow the coupling of light into the cladding into back-
ward propagating radiation modes. Based on its characteristics, the tilted grating is
usually used in erbium-doped fiber (EDF) amplifiers for gain equalization [47].

Moreover, the chirped grating has a non-periodic pitch, which displays a con-
stant increase/decrease in the grating planes spacing. Chirped grating is used in
multiple applications in both telecommunications and sensor fields, including dis-
persion compensation [47, 60].

Finally, to conclude the discussion of the production of FBG sensors, it has to be
mentioned that FBG sensors have one basic and very important trait, which is the
differentiation between the effects of strain and temperature. Generally speaking,
temperature and strain have very similar effects on Bragg wavelength shift. It is very
important to isolate the effects of temperature variation (when monitoring tempera-
ture) from effects of other physical parameters, specifically strain, and vice versa.
This motivated many techniques to be developed over the years to discriminate the
effect of strain and temperature. Two main categories have been defined in the
industry for temperature-compensating methods, namely, extrinsic and intrinsic
methods. As the name implies, extrinsic method use external material, which is usu-
ally combined with the grating to compensate the temperature, whereas obviously
intrinsic methods use certain properties of the optical fiber itself [47].

2.3.2 Typical Sensing Applications

Having discussed the production processes of wavelength based OFSs and specifi-
cally FBGs, this sub-section goes over the most common sensing applications of
wavelength-based OFSs. Wavelength-based OFSs, and specifically FBGs, are
famous for strain, temperature and vibration sensing. Strain sensing is usually used
to monitor other physical parameters.

The first application to be discussed and one of the most important uses of Bragg
gratings is strain monitoring, whether static, quasi static, or dynamic.

For strain sensing, FBGs are written on the core of a conventional single-mode
optical fiber. When applying strain along the longitudinal axis of the fiber at con-
stant temperature, the Bragg wavelength shifts due to the change in the grating
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periodic spacing and the induced photoelastic variations in the effective refractive
index of the optical fiber core [47].

FBG based sensors present a linear dependence between the strain and the
reflected Bragg wavelength shift of the sensing element, within the elastic deforma-
tion limit of the fiber [47]. Also, the sensitivity of the produced FBG sensor is highly
dependent on the photosensitivity of the fiber used in the production of the FBG, in
addition to the fiber diameter [47].

Although strain is the direct measurable parameter, strain sensing FBGs can be
employed to indirectly measure force, displacement, vibration, pressure, liquid
level and flow dynamics, and magnetic field.

One major application of FBGs is vibration sensing, which is highly adequate for
structural health monitoring (SHM) and damage detection [61-63]. These vibration
sensing systems operate in two distinct themes: (a) Single-point system, which
monitors localized region and (b) Quasi-distributed sensing system, which provides
sensing capabilities along the whole length of an optical fiber [47]. Vibration sens-
ing FBGs provide low-frequency and high-frequency response, which are adequate
for different applications based on their nature. As for low-frequency response
accelerometers, they are best suited for large structures such as bridges, towers,
dams, etc., due to their low inherent frequencies. High-frequency response vibration
sensors with high spatial resolution are widely used for crack detection of materials,
where the frequency of such events could be elevated [61-64]. The concept of FBG
vibration sensor is based on the fact that vibrations induce high-speed dynamic
strain variations in the FBG sensing element; hence, by monitoring the shift of the
Bragg wavelength the measuring of such vibrations is made possible [61-64].

As previously mentioned, FBGs are also highly sensitive to temperature and
therefore they are widely deployed specifically in harsh environments due to their
high resilience [47]. The thermal-induced changes in Bragg wavelength occur due
to two factors. First, temperature changes result in the variation of the effective
refractive index of the optical fiber core guided mode and second, the variations in
temperature modify the grating period [47, 49].

Typical temperature responses are 6.8, 10, and 13 pm/°C for the Bragg wave-
length of around 830, 1300, and 1550 nm, respectively [47].

Although mentioning FBGs always indicates permanent refractive index modu-
lation in the fiber core, it was shown that extreme high temperature environments
may cause the refractive index modulation to be erased. The maximum tolerated
temperature recorded for conventional FBG sensor is around 600 °C, basically due
to the weak bonds of germanium and oxygen of the fiber core material [47].

It is reported that thermal stability of the gratings is directly dependent on the
composition of the fiber core used for the writing of the gratings. Despite the intoler-
ance of conventional FBGs to extreme high temperatures, special compositions of
optical fibers dopants have been proposed to create FBG temperature sensors sus-
tainable up to 1000 °C [65-69]. Some examples of those successful efforts include
gratings in fluorine-doped fibers, gratings written into N-doped fibers [65, 66],
regenerated gratings [69], and the use of femtosecond IR lasers for the gratings
inscription [47, 65-67].
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Humidity is another critical physical parameter that is usually required to be
monitored constantly in certain applications. This parameter, and its accurate con-
trol, is highly important in air conditioning maintenance for human comfort, fight-
ing bacterial growth, and also in the in quality control process of certain products,
etc. Humidity is defined as the amount of water in gaseous state present in the
atmosphere of a certain environment. A more important term is the relative humid-
ity (RH), which is defined as the ratio of the amount of water vapor actually existing
in the environment to the maximum possible amount that the same environment can
carry [68-70].

RH sensing using a polyimide-coated FBG was proposed by Kronenberg et al.
[70]. The concept is based on the fact that the polyimide polymers, being hygro-
scopic, tend to absorb moisture and swell in damp atmosphere, as water molecules
migrate into their material. The swelling of the polyimide coating is used as a stimu-
lator to force strain on the FBG-containing fiber. Clearly, such strain modifies the
Bragg conditions; thus varying the Bragg wavelength accordingly, which is moni-
tored to keep track of the RH [47].

Optical fiber gas sensors have been designed to detect hazardous gases.
Nowadays, Hydrogen is turning into an attractive alternative energy source for
clean-burning engines and power plants, or even in critical applications, such as the
Space Shuttle main engine. Unfortunately, the use of highly flammable liquid H,
does not come without its own risks. Using such highly flammable fuel introduces
safety hazards, due to its low explosive limit and rapid evaporation rate. Those risks
attracted some efforts to design and propose OFSs to detect the leaks in hydrogen-
fueled systems [47]. To control Hydrogen based processes, Butler and Ginley pro-
posed a technique for sensing hydrogen leaks [71]. They built their design on the
realization of the change in the elastic property of Palladium (Pd) during Hydrogen
(H,) absorption. Their model can be used to determine the axial strain in the fiber
core. The sensing technique is based on tracking the induced mechanical stress in
the palladium coating, as it absorbs H,. The fiber is stretched by the stress induced
in the palladium coating, thus expanding the grating period, which shifts the FBG
Bragg wavelength [71].

2.4 Polarization Sensor

The concept of Polarization sensor is mainly based on the change of the state of
polarization of the light wave propagating through the optical fiber. Such state
change occurs due to the difference in the phase velocity of the two polarization
components in a bi-refringent fiber. Different factors can vary the polarization prop-
erties of optical signal travelling in a fiber, including strain, pressure, stress and
temperature. In polarimetric OFSs, the change in the state of polarization is moni-
tored and used to access a specific sensing parameter [72, 73]. In the rest of this
section, the details of the fabrication process of polarization OFSs are discussed,
along with the most widely used applications.
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As initially stated, polarimetric OFSs typically use high birefringent (HB) optical
fibers, such as bow tie fiber, panda fiber, or elliptical core or polarization maintain-
ing PCF fibers [74]. HBs are produced with high internal birefringence, which is
achieved through engineering the core and/or cladding with an elliptical geometry,
or by inducing an anisotropic stress into the cross-section of the fiber [74].

This physical structure of the fibers allows the phase velocities difference for the
two orthogonally polarized modes to be big enough, to avoid the coupling between
these two modes [74].

HB fibers, under external deformations, present the lowest order modal behavior,
which is of special interest for sensing applications. However due to the high sensi-
tivity of polarimetric OFSs to external parameters, such as strain and temperature,
cross sensitivity is usually a major issue. As has been mentioned in the case of Phase
Interferometer sensors, differentiation between sensitivity to different external fac-
tors has to be addressed during sensor design and application [74].

In a typical polarimetric sensor, polarized light is inserted at 45° into the main axes
of a birefringent fiber, such that both polarization modes become equally excited. The
polarizer analyzer (with a 90° relation to the input polarization state) converts the
polarization state into intensity [72, 74]. Therefore, in such type of sensors, a change
in polarization is translated into a variation in intensity. Using correlation between the
change in the output intensity and the measured parameter, a polarimetric fiber sensor
is produced for a variety of applications [72, 74].

2.4.2 Typical Sensing Applications

As for most OFSs, polarimetric OFSs can be implemented to measure strain, tem-
perature, corrosion, pressure, among others [72, 73, 75, 76].

Additionally, polarimetric OFSs can further be used to measure current and volt-
age, using a variety of polarization-based effects, including optical activity, electro-
optic effect and Faraday effect [72, 74].

Structural health monitoring (SHM) has always been a hot topic, due to the use
of composite materials and the dangers associated with collapsed structures. Lately,
with the progress in technology and the advances in Internet of Things (IoT) fields,
specifically smart cities, the concept of the so-called “smart” composite structures
with compact integrated sensors has become a possibility. Polarimetric OFSs per-
fectly fit the requirements for deployment in such structures [72].

In composite structures, the monitor of the thermal expansion behavior is of criti-
cal importance; hence monitoring such physical parameter is of critical necessity to
avoid the debonding induced by differential thermal expansion stresses. A wide
range of polarimetric sensors can be used by employing polarization maintaining
(PM) and micro-structured highly bi-refringent (HB) polarization maintaining
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fibers. Such sensors are capable of sensing multiple parameters, such as tempera-
ture, strain, displacement and rotation [75, 77].

Temperature variation induces composite material thermal elongation, which is
the result of a combination of multiple factors including thermal strain, caused by
thermal expansion, induced by moisture absorption, or induced by residual strain
[75,77].

The composite material thermal elongation applies stress to the polymeric fiber
sensors, resulting in a significant phase change. By measuring the phase shift and
determining the strain sensitivity of the polymeric fiber sensors in constant tempera-
ture settings, the strain induced by the thermal elongation can be derived over the
sample length [77].

Polarimetric OFSs are advantageous in SHM field, as one such sensor typically
only employs a single high-birefringence (HB) fiber for sensing and returns the
integrated strain over the sensing region [75]. When compared to ‘point-based sen-
sors’, the HB fiber is sensitive to perturbations over its entire length. Data about
damage at multiple points can be recorded; hence providing a more integral and
better indication of the severity of damage compared to conventional point-based
sensors [75]. Polarimeteric OFSs are also more flexible and easily distributed (can
be implemented in surface or internally embedded in structures with minimum
effect), lightweight, and with very high sensitivity, while effectively separating
effects of external stimuli [72, 75].

2.5 Distributed Optical Fiber Sensors

Distributed sensing refers to the concept, where the fiber itself is the sensing ele-
ment, and the sensing can be made along the whole length of the optical fiber.
Therefore, the parameter under study can be continuously monitored along the
overall length of the fiber as a function of time. Figure 2.4 demonstrates such
application.

Brillouin, Rayleigh and Raman are three different types of scatterings, famous
for the production of distributed optical fiber sensors (DOFSs). The three different
scattering types are formed through the interaction of the optical signal carriers with
local material properties shift like density, temperature and strain [78].

For instance, if an acoustic/mechanical wave passes through a fiber, a dynamic
density change would be generated; such change may be affected by strain, tem-
perature, vibration or birefringence. If changes in the light scattered along a fiber
(frequency, phase, amplitude) can be detected, a distributed fiber sensor is then
created to access localized oscillation of parameters such as strain, vibrations,
temperature, or birefringence, with an action range varying from just few meters
all the way up to one hundred kilometers. Such measurement can be realized in
the time domain or frequency domain [78, 79]. The produced sensors can be used
for disaster prevention in civil structures, through the continuous monitoring of
bridges, pipelines, railroads, dams among others [80].
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Fig. 2.4 Distributed optical fiber sensing application

A distributed optical fiber sensor is required to return the information on the
values of temperature, strain and vibration, from any location along an optical fiber,
based on the light scattered along it [78, 80].

Hence its sensing capabilities are distributed over the whole length of the fiber.
The challenge is to determine the value of the monitored parameter at exact points
along the fiber length, with the required sensitivity and spatial resolution. DOFSs
have met such requirement, by providing high performance distributed strain or
temperature sensors, which are adequate for applications that cover large areas with
relevant location accuracy [78].

For instance, Brillouin-based DOFS specifically provides strain resolution in a
few micro-meters range over one meter (micro-strain) and temperature resolution
reaching less than 1 °C [79]. Standard communication fibers can be easily embed-
ded in civil structures (bridges, dams, power plants, buildings, airplanes, etc.), to
monitor the internal wellbeing status of those structures [78].

2.5.1 Production Methods

As mentioned above, the distributed sensing is performed by connecting the scattering
mechanisms with reflectometry techniques in either the time or frequency domain.
When used in the time domain, it is referred to as optical time domain reflectometry
(OTDR), whereas the frequency domain type is called optical frequency domain
reflectometry (OFDR) [78].

Different scattering mechanisms can be invoked when coupling an electromag-
netic wave into a silica wave-guide, as shown in Fig. 2.5.

Raman scattering can be produced using such method of coupling an electro-
magnetic wave into a silica wave-guide. Such method is capable of providing a
precise measurement of temperature [81]. Such method of producing Raman scat-
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Fig. 2.5 Different possible scattering mechanism observed over the optical signal propagation on
an optical fiber

tering is called the spontaneous process and the sensing fiber can be either a single-
mode or multimode optical fiber. By measuring the anti-Stokes scattered radiation,
the Raman scattering presents itself as a perfect solution for distributed sensing of
temperature [81]. This distributed sensing is also advisable for industrial applica-
tions requiring high precision, since it has very low sensitivity to other physical
parameters such as pressure or strain, dodging its joint influence in the fiber.

Distributed sensing analysis is provided by a light change in the Optical Time
Domain Reflectometry (OTDR) receiver to produce a band-pass filter able to
separate the Stokes from the anti-Stokes components [78]. The temperature mea-
surement is derived from the ratio between the Stokes and anti-Stokes components,
meaning that simultaneous OTDR traces must be obtained for both components;
hence a dual channel receiver should be used [79, 81]. Additionally, high tran-
simpedance gain is required for such type of receivers and the bandwidth has to be
constrained due to the low level of Raman backscattered signals [78].

The second type of scattering is the Brillouin scattering, which can be formed
through the interaction of the incident optical signal and acoustic wave in the mate-
rial [79]. The thermoelastic oscillation of the optical fiber core constituent mole-
cules results in random density fluctuations, which propagate along the fiber in
random directions as acoustic waves. The periodic modulation of density induces a
refractive index modulation, which is typically small, but yet still causes diffraction
of the incident optical signal [79].

The movement of the density modulation (along with the refractive index grat-
ing) at an acoustic velocity induces a frequency shift in the scattered light due to the
Doppler Effect: the spontaneous Brillouin scattering. If the spontaneous scattering
is intense enough, the incident and the scattered signals interfere, intensifying the
acoustic waves. This constructive interference increases the strength of the refrac-
tive index grating, resulting in a high intensity of the scattered optical signal [80].

The acoustic wave propagation characteristics are directly related to the optical
fiber material density, which in turn is affected by the influence of the medium and
by parameters such as strain and temperature. Based on that principle, Brillouin
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scattering appears as a suitable solution to monitor parameters, such as strain and
temperature. Sensing is performed by monitoring the Brillouin backscattered fre-
quency, as the optical interference pulse propagates along the fiber. A major chal-
lenge in such production is to accurately access the Brillouin frequency shift.
Brillouin scattering also suffers dual sensitivity to strain and temperature; hence
there is the challenge of discriminating between the effects of both [78, 79, 80].

2.5.2 Typical Sensing Applications

DOFSs possess multiple characteristics that make them attractive for an array of
various applications. First, reduced size sensor (fiber diameter is typically 150 pm)
with a spatial resolution of centimeters and high precision in sensing parameters as
temperature, vibration, strain, or birefringence is an attractive choice for smart pre-
cise applications in smart structures, material processing, and the characterization
of optical materials and devices [80].

On another forefront, a wide range of sensing applications would profit from
distributed sensing potential of spanning in the special scale up till six orders of
magnitude [78, 80]. For instance, distributed temperature sensor (DTS) is one of the
most sought-after applications in this domain [78, 81].

The world is currently seeing great progress in the area of renewable energy
sources and the installation of smart grid systems, where power distribution becomes
extremely dynamic. With such varying environment, it becomes crucial to monitor
the conditions of the power cables [81, 82].

One way to monitor power cables is through the insertion of fibers in the inner
conductors to measure the temperature, which is used as an indication about the
circuit performance. High temperature regions, typically called hot spots in this
context, can reduce power transfer capabilities of underground cables. DTSs could
perfectly be used in this case to spot the position of those hot spots and help in the
dynamic optimization of the power distribution with real-time monitoring. The
same concept is also applicable to power cables of submarines [82, 83].

Following the same line of thought, DTSs are also proposed for fire detection in
different civil infrastructures such as mines, tunnels, and industrial plants [80].
Those DTSs have already shown high performance, achieving temperature resolu-
tion of 5 °C at a distance resolution of about 5 m [83]. Clearly, the alarming thresh-
olds are set depending on the typical ambient conditions. Basically, real-time
information obtained from DTSs in concrete structures, submarine installations, oil
pipelines, and aircraft wings can provide timely fault diagnostics and continuous
evaluation of stress, thus help avoiding disasters and causalities [80, 84].

Another adequate application for DTS is found in the oil and gas industry, where
DTSs can be used to indicate geothermal oscillations through temperature monitor-
ing specifically for down-hole monitoring [78].

Alternatively, distributed strain sensing has been widely investigated for deploy-
ment in different applications, since its first demonstration in the late 1990s [85].
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Reliable structural monitoring has been one of such applications, using distributed
sensing in wide civil structures for preventive maintenance. An example deploy-
ment can be found in the Gotaalv bridge (1939), Sweden. Distributed strain sensors
were used to keep track of the fatigue in the steel girders due to aging, by detecting
cracks wider than 0.5 mm [83, 86].

Moreover, in addition to the fiber length instrumentation, the multi-parameter
sensing capability is an even more attractive solution, where the same sensing fiber
can be used for the monitoring of multiple parameters. Nevertheless, the resolution
range and sensitivity requirements of a measurement differ from one application to
another, rendering it impossible to find a universal instruction manual for the design
of multi-parameter sensors [83].

Distributed sensors can also be used in optical fiber communications, where
measurements of the optical fiber polarization spatially resolved properties are
needed, and whose results may provide the guideline for the design and manufactur-
ing of low polarization mode dispersion (PMD) fibers for speed communication
systems [78].

In conclusion, it is clear that distributed sensing is highly required, when monitor-
ing certain physical parameters as strain, temperature, and vibrations. DOFSs are
highly adequate to fill the gap for such demand, due to its unique combination of low
loss and sensitivity to those physical parameters. However, those advantages do not
come that easy. The production of distributed OFSs requires overcoming certain chal-
lenges in order to provide a cost-effective and practical sensing system. The first chal-
lenge is instrumentation issue, such as spatial resolution or dynamic range [83]. As all
optical fiber based sensors, DOFSs have to be produced such that they are able to
discriminate between effects of different physical parameters, such as strain and tem-
perature [79]. Finally, appropriate encapsulation has to be designed in order to provide
intimate contact with physical structures (to achieve high sensitivity), but also to be
protected from harsh environments that may reduce their efficiency [78, 80, 83].

2.6 Summary

The basic concepts of optical fiber sensing have been introduced in Chap. 1, along
with the explanation of the different types of techniques used for OFSs. This chapter
provides another step forward, by providing more details about the different types
of manufactured OFSs. The production processes of the different types of OFSs are
discussed. The chapter covers the different techniques of optical fiber sensing,
namely intensity-based, phase-based (or interferometers), wavelength-based, polar-
ization-based, and distributed optical fiber sensors. Different production methodol-
ogies are described for each sensor type. The challenges existing in productions
processes are pointed out. Additionally, for each type of sensing technique, the most
common applications are listed. Multiple applications are named per sensing type,
while more than one sensing type can measure the same physical parameters. The
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chapter also highlights the sensitivity and performance ranges of each sensing type,
while emphasizing their limitations.

This chapter presents a survey of the production methods of different types of

OFSs. Readers interested in learning how to produce different types of sensors can
find this knowledge, along with which sensing type is possible to use for their appli-
cation and based on their setup and requirements.
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Chapter 3
Low Cost Silica Optical Fiber Sensors

The demonstrated advantages of optical fiber sensing systems over other sensing
technologies increased the demand for these sensing mechanisms and its cost effec-
tive production [1]. According to an ElectroniCast market forecast study on Optical
Fiber Sensor (OFS) consumption, the use of optical fiber sensors generated revenue
of $2.79 Billion in 2015 and it is forecasted that during the 2015-2020 timeline, this
value will increase on an average annual rate of 10%, reaching $4.49 billion in
2020. The extrapolated figures are shown in Fig. 3.1 [2].

It is worth highlighting here that Distributed Optical Fiber Sensor (DOFS) sys-
tems refer to the whole length of the optical fiber, which, as stated in previous chap-
ters, can act as multi point sensing network along one single optical fiber. For the
study presented by ElectroniCast, each point optical fiber sensor counts as one unit.
On the other hand, the number of DOFSs is based on a complete optical fiber line,
which can comprise several sensing systems. As stated by Stephen Montgomery,
Director of the Fiber Optics Components group at ElectroniCast Consultants:
“Since a distributed continuous optical fiber line (system) may have 100s of sensing
elements in a continuous-line, it is important to note that ElectroniCast counts all of
those sensing elements in a distributed continuous system as one (system) unit only.
In the case of some applications, the price of the system may be several thousand
dollars” [3].

Also in their market forecast, it was considered that “point sensors are often used
in Distributed optical fiber sensor systems (installed at multiple-points/point-to-
point); however, we count their use in the Point fiber optic sensor category and not
in the continuous (non-stop) distributed sensor category,” Montgomery added.

Another report by the Photonic Sensor Consortium, only on DOFS, estimated its
market to be $1.1 billion in 2016, with 70% out of it being associated with the oil
and gas industries [3].

In addition to the energy industries, OFSs are used in a wider range of fields,
including but not limited to defense, medicine, industrial, structural, transportation,
and security. Their advantageous characteristics, like light weight, small size,
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Fig. 3.1 Continuous OFS market forecast values (2015-2020)
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electromagnetic immunity, high resolution and accurate measures, make this type of
sensing systems one of the most promising sensing solutions to monitor a diverse
number of parameters such as acceleration, strain, pressure, displacement, ion con-
centrations, relative humidity (RH), temperature, refractive index (RI), among many
others [4-8].

However, in many situations, the development, improvement and fabrication of
these sensing technologies involve high financial investment and complex experi-
mental setups [5, 6]. In order to overcome such economical drawbacks of the OFS
technologies, new research achievements have been presented with low cost pro-
duction and implementation techniques of OFS [1].

As for DOFS to achieve their full market potential, features, such as their robust-
ness, must be improved. Oil and gas industry market has opened an entire new
stream of business opportunities for OFS market, as they paved the way for an entire
new revenue generation system for the service providers.

The advantages of optical fiber sensors over the conventional electronic sensing
systems can be listed as light weight, improved reliability (no need of electronic
devices at the sensor point), low cost, high bandwidth and electromagnetic immu-
nity. Such advantages have strengthened their position in the sensing market [9].

The increasing investments in structures health monitoring (civil engineering),
smart materials, the fast development in telecommunication industry, the globaliza-
tion of Internet of Things (IoT) are some of the key factors instigating the growth of
the global OFS market.

Nevertheless, cost production and implementation of some devices, added to
some unfamiliarity with this technology, may be the main barriers to the OFS
continuous growth into new fields of applications [9]; hence, as mentioned earlier,
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to tackle such barrier of high costs, lots of research efforts have been targeting low-
ering the costs of OFSs production, as well as enabling easy ways for their imple-
mentation. This chapter discusses the efforts to produce low-cost OFSs and
affordable implementation methods. The first chapter of this brief has introduced
the concept of optical fiber sensing and its various techniques for sensing, while the
second chapter has already discussed the different production methods of the vari-
ous types of OFSs. This chapter takes a step further and tackles the issue of high
cost of producing OFSs. The chapter starts with a general discussion of the different
opportunities available to produce a more cost-effective OFSs. The following sub-
sections then address a more specified use-cases, including how to produce a cost-
effective FBG-based OFS, or using Fiber Optic Gyroscope or Interferometric
sensors to reduce production costs. The chapter also emphasizes on how distributed
OFSs can offer low-cost effective solutions, especially to monitor physical param-
eter along larger areas, using the whole length of an optical fiber instead of point
sensors. Challenges facing each technique are listed, along with some proposed
solutions.

3.1 Cost-Effective OFS

During the past decades, several optical fiber sensing technologies were proposed
and implemented. However, the needs and evaluation imposed by the field perfor-
mance and the user requirements dictate that only the best solutions will pave its
way to success. Only sensing techniques that perfectly adapt to the required speci-
fications will add value to the OFS market and the sensing market in general.

Some examples of versatile and flexible solutions with high impact in the OFS
market are the Fiber Bragg grating (FBG) sensors, quasi-distributed sensors, with
multiplexing abilities, and reflectometry based technologies such as Brillouin,
Raman and Rayleigh based sensors.

The scattering effects in silica optical fibers (i.e. Brillouin, Raman and
Rayleigh) are nowadays extensively used as sensing networks, enabling the mul-
tiplexing of multiple sensing points on a remote and independent instrumented
setting. When outstanding sensing performance metrics (i.e. resolution, sensitiv-
ity, and accuracy) are added to multiplexing ability, the result may just be the
optimum sensing solution, with a cost effective implementation, through reduc-
ing the cost-per-measurement-point.

Nevertheless, it is important to keep in mind that the less “fit” sensing mecha-
nisms should not be ignored or completely dismissed, since they can still be of great
utility in specific small niches. As an example, Fabry-Perot Interferometers (FPI)
can provide high resolution and accuracy, but they are not suitable for multiplexing
network applications [10].

The following sections explore different low-cost OFS solutions and the feasibil-
ity of different technologies implementation.
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3.2 Cost-Effective FBGs

The Fiber Bragg gratings (FBGs) implementation success and increasing demand
are mostly due to the advantageous features that characterize this sensing technol-
ogy, namely their tiny size (the sensing area is in the micrometers range), cost-
effectiveness, insensitiveness to electromagnetic interference, which is an inherent
trait that exists among all OFSs [11]. As has been previously discussed, FBG sens-
ing mechanism is based on the monitoring of the reflected spectrum and the FBG
peak position (which can be related to strain and temperature values).

Regarding this sensing technique, the higher costs may arise from the interroga-
tion/spectrum analysis equipment, which may reach $25K, or more. The interroga-
tion system is the device which enables the access to the Bragg wavelength and the
monitoring of the shift in the peak wavelength of FBG sensor.

The majority of the FBGs in the market and the most common ones work in a
wavelength window ranging from 1520 to 1590 nm, mainly due to the easily adapt-
able telecommunications equipment, which work in that same wavelength range
[12]. Nevertheless, the interrogation equipment for such wavelength range usually
increases the implementation costs of FBG sensors.

In order to overcome such financial drawback, many measures have been taken
to lower such fabrication and implementation costs. To start, new lower cost inter-
rogation mechanisms have been developed. Additionally, FBGs working in differ-
ent wavelength ranges have been devised. More specifically, the use of a Bragg
wavelength pick around 830-870 nm, which is typically multimode fiber (MMF) or
few mode fiber (FMF), enables the use of inexpensive optical detectors (silica
based), which would reduce the costs of spectrometer-based interrogators; and con-
sequently, the investment required for the installation of FBG sensing systems. In
addition to lower costs, such silica based detectors allow an increased resolution,
larger bandwidth and better sampling, due to the larger number of pixels in a diode
array [12].

Nevertheless, when comparing the performance of an 850 nm FBG sensor sys-
tem using a few mode (FMF) 1550 nm telecom fiber (low-cost 1550 nm telecom
fibers are MMF/FMF at 850 nm) to an 850 nm FBG sensor using an 850 nm SMF,
it becomes evident that the presence of higher order modes (HOM) in the FMF
decreases the polarization stability and diminishes the response linearity, rendering
the sensing system unsuitable for high precision applications. However, the optimi-
zation of this FMF sensing system is possible, simply by coiling the FMF, and in
that way restore the SMF properties of the FBG sensing system. The above proves
that it is possible to have an 850 nm FBG sensor systems based on low-cost 1550 nm
telecom fibers, as reported in [12].

As previously mentioned, the other way to enhance the cost effectiveness of FBG
sensing systems is by creating low cost interrogation systems. Towards that end, a
considerable amount of research has also been performed [13]. Among those, one
of the most recent proposals presents an interrogator based on an edge filter demod-
ulation technique, where the output voltage is linearly related to the monitored
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parameter [13]. The optical signal source used should have a wide bandwidth, and
the reflected optical signal is scanned by different passive optical edge filters, cen-
tered at the sensor Bragg wavelength. The photodiode, on the edge filter output,
returns the voltage value which is proportional to the Bragg wavelength shift. The
drawback of this system is the need to associate an edge filter to each FBG sensor,
limiting the number of interrogated sensors to the number of filters that can possibly
fit in the interrogator; hence this solution may not be feasible in a multiplexing
scenario [13].

3.3 Fiber Optic Gyroscope (FOG)—A Cost Effective
Application of OFS

Besides the demand of low cost solutions of OFSs, there are also certain scenarios
where OFSs provide a performance upgrade for similar investment costs, offering a
more appealing and cost effective solution, when compared to traditional sensing
systems.

One example of cost effective application of an OFS is the fiber-optic gyroscope
(FOG) based on a Sagnac interferometer sensing system. A possible configuration
of such solution is presented in Fig. 3.2.

This optical fiber technology was developed in the lab in the late 70s and com-
mercially installed (in a Boeing 777) 20 years later, in the late 90s [14]. The FOG
does not have any moving parts, which excludes and avoids anomalies, such as the
wear out of bearings. Moreover, FOGs can be thermally isolated, and are insensitive
to external vibrations and magnetic fields.

When compared to traditional gyroscopes, the benefits of the FOG are very vast
[15]. Besides their reduced size, weight, volume (which are typical advantages of
OFSs in general), FOGs are also favored for the fact that their response is strictly
due to rotation signals—contrary to mass gyroscopes, which can also be affected by
linear accelerations; making these devices highly similar or even better, than a typi-
cal rotating mass gyroscope.

Owing to such aforementioned advantages, FOGs paved their way into the iner-
tial navigation market, making them one of the most competitive technologies in the
field. Additionally, their presence is being noticed in fields like space exploration
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Fig. 3.2 A FOG sensing system based on a Sagnac interferometer configuration
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(need for high accuracy and immunity to linear accelerations), underwater vehicles
and antenna stabilization (electromagnetic radiation immunity and small weight
equipment are required). In most of the featured applications, although the imple-
mentation cost of FOGs may be in the same range as traditional gyroscope tech-
nologies, the benefits from using FOG are mirrored in its excellent performance
achievements [16]; i.e. providing higher performance at the same or very similar
cost.

3.4 Distributed OFS

As reported in the forecast presented in the beginning of this chapter, distributed
OFS may be the sensing technology with the highest market penetration serving the
widest profile application; hence, they receive the most attention from the optical
fiber sensors market development [17].

The idea of having a plain optical fiber along the structure under surveillance
(pipelines, civil structures, electric cables, etc.) and obtain a map of the temperature
and/or strain along all the structure, with thermal resolutions down to the order of
1 °C, is a very appealing and cost effective solution for the continuous analysis of
large areas. In fact, nowadays, the application of DOFs is becoming more common
and their advantages over traditional technologies are growing more obvious to
potential customers, mainly in the oil and energy industry, where thermal monitor-
ing using DOFs proved to be profitable [17].

The growing credibility of the DOFs performance is increasing the demand for
DOFs along with other OFSs to be implemented for an array of various applica-
tions, which contributes for its establishment in the sensors market.

The DOFSs have a synergy between their low loss and high sensitivity to tem-
perature, strain and vibrations that make them distinctively positioned for the moni-
toring of such physical parameters [16]. Nevertheless, the road for a low cost,
enduring and practical solution is still being paved, and considerable challenges still
exist and must be addressed, in order to achieve the leadership in a global sensing
market. Some of the foreseen challenges can be listed as follows:

* The optical fiber encapsulation: It is important when installing sensing systems
to guarantee that the fiber stays physically attached (i.e. in direct contact) to the
monitored structure, in order to guarantee its accurate sensitivity. On the other
hand, the right encapsulation of the fiber is required to be applied in order to
preserve the fiber from the influence of harsh environments (to preserve its phys-
ical reliability) [16]. This creates a dilemma and the optimum tradeoff has to be
found between how hard the fiber needs to be protected with encapsulation and
how much in contact it has to be with the monitored structure.

e The increase of spatial resolution and the dynamic range [16].
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* The need for reliable techniques that provide distinction between different physi-
cal parameters to avoid mutual interference, which can influence the sensing
system (temperature, strain and vibration) [16].

3.5 Interferometric Sensors

In-line optical fiber micro cavities interferometers based on single-mode fibers are
solid microscopic structures, which can be cost effective and easily manufactured.
Interferometric sensors have been widely used for monitoring parameters such as
temperature, strain, pressure or refractive index, relative humidity, etc. [4-8, 18].

Among the existing interferometric sensing mechanisms, the Fabry Perot
Interferometer (FPI) based sensors are the most widely spread ones, due its simple
configurations and implementation mechanisms. Generally, the extrinsic FPI (see
Chap. 1 for definition of extrinsic and intrinsic FPI) sensing devices are quite easy
to manufacture, but they require a fine alignment between the cavity reflective mir-
rors, since their coupling efficiency may be affected (decreased) by a poor align-
ment [18].

Regarding the intrinsic FPI sensors, once the optical signal continuously propa-
gates inside the optical fiber, the loss in the signal intensity is extremely low since
the sensing element is a short section of fiber between two reflecting surfaces.
Therefore, higher optical signal intensity will be reflected in the FPI cavity mirrors,
facilitating its subsequent demodulation and analysis.

Intrinsic micro cavities can be produced through different techniques like chemi-
cal etching [19], refractive-index mismatch in the splicing area [20], internal film
coating [21], laser machined and irradiated points [22], etc. However, and despite
their efficiency, these intrinsic FPIs require expensive equipment and complex
implementation to produce the micro cavity, which is a considerable disadvantage,
when compared with other similar and more cost effective sensing mechanism [18].

Towards decreasing the production costs and overcoming such disadvantage,
new low cost solutions have been proposed, regarding the production of FPI cavities
for the monitoring of parameters such as hydrostatic pressure, strain, humidity, RI
and high temperature [1, 4-8].

The recycling of damaged optical fiber into the production of new optical fiber
FPI sensors, has proved to be a sustainable option targeting the low cost optical fiber
sensing market. The method, presented by Domingues et al., for the fabrication of
FPI micro cavities using damaged fiber considerably reduces the experimental setup
complexity and consequently, the production costs, with performance comparable
to other sensors produced with higher costs [4-8]. The micro-cavities, produced
using this method, were obtained from optical fiber previously damaged by the cata-
strophic fuse effect. The catastrophic fuse effect is a phenomenon that is usually
triggered by a local heating point in the optical fiber, dirty connector or bended fiber.
Such phenomenon is able to induce the optical fiber core vaporization, which per-
manently damages the optical fiber [23, 24]. The damaged fiber presents a sequence
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Fig. 3.3 Microscopic
imgage of an Opticalpﬁber Voids induced by fiber fuse effect
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of periodic voids, as shown in Fig. 3.3, along its core, becoming unsuitable for
telecommunication applications.

With this damaged optical fiber, the authors developed intrinsic FPI micro cavi-
ties by splicing a small section of the damaged fiber into a normal optical fiber,
producing a micro cavity within the functional optical fiber core, with all the char-
acteristics of an FPI sensor, reporting good performance in the monitoring of param-
eters such as hydrostatic pressure, high temperature, strain, refractive index, and
relative humidity [1].

Following a similar approach, Zhu et al. presented a similar technique to produce
a low-cost FPI, by splicing two sections of single mode optical fiber (SMF) with
lateral offset between them (~62.5 pm) [25]. This type of sensor was shown to be
adequate for high temperatures monitoring. Nevertheless, a pre-annealing process
was required in order to obtain an acceptable linearity and repeatability. After the
pre-annealing process, the FPI temperature sensitivity is comparable with the ones
obtained by special optical fiber FPIs, reaching 41 nm/°C [25].

Another example of FPI micro-cavities, developed through a low cost and low
complexity implementation, has been presented in multiple works [26-28]. The
authors in [26, 27] presented an in-line FPI with a micro air cavity formed by splic-
ing a single mode optical fiber (SMF) with a photonic crystal fiber (PCF). Similar
to previous examples, these FPI cavities can also endure high temperatures and
present relative high strain sensitivity.

Besides the splicing between the PCF and the SMF, a micro cavity can as well be
generated between two SMF fibers, as presented by, Duan et al. [28]. In their
method, the air micro cavity is produced simply by adjusting the splicing parame-
ters within the splicing machine (arc splicer, Fitel S176). The produced sensors
presented higher strain sensitivity, almost 150% higher than that of the results
reported by comparable work previously reported. On the other hand, temperature
sensitivity is only 0.848 pm/°C, which is much lower than the values of previously
reported work.
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The gap in the temperature and strain sensitivity is due to the micro cavity large
diameter, when compared to the usually presented micro cavities. Such characteris-
tic is extremely advantageous regarding the strain sensing applications [28].

Besides FPI sensing mechanisms, other in-line optical fiber core-cladding-mode
interferometers (CCMI) have to be mentioned here. This interferometric technology
has been proposed to optimize the separated arm interferometers, typically Mach
Zehnder and Michelson interferometers. As the name implies, these types of sens-
ing mechanisms operate on the interference between the cladding and the core
modes. Although the method is based on an inline interferometry system, the
method still requires the splitter and the combiner to couple and re-couple the opti-
cal signal between the core and the cladding modes [18].

An in-line structure in which FPI and CCMI are built (one SMF with two pos-
sible optical paths), is simple to assemble, compact, stable, with an easy alignment
and therefore high coupling efficiency and with a very low implementation com-
plexity and low fabrication cost [18].

3.6 Summary

Several reports in the literature and industrial sector have been confirming the
widespread of the use of OFSs, across wide range of applications. The widespread
of OFSs utilization has been due to their obvious advantages, discussed all over
this brief. Despite the fast adoption of OFS technology, the increase in revenue and
implementation would have been even more, if it were not for the high costs asso-
ciated with certain functionalities or in the production process of OFSs. For OFSs
to achieve their highest potential, issues with such high costs have to be addressed
and solutions have to be found. This chapter discusses proposed methods to
decrease the production costs of OFSs, in addition to other technologies that would
help decrease associated costs of OFSs. For instance, FBGs suffer from high asso-
ciated costs, due to the need for expensive interrogator in the sensing system. The
chapter discusses multiple methods proposed in the field of OFS production, which
mainly aim at reducing the costs associated to production of OFSs or associated to
equipment required by the optical fiber sensing systems, such as cheaper interroga-
tors. The list of discussed cost-effective solutions covers low-cost FBGs, cost-
effect Fiber Optic Gyroscope and Interferometric sensors, in addition to distributed
OFSs. Distributed OFSs offer a unique attractive behavior, since one distributed
sensor can replace multiple point-based sensors; hence providing a very cost-effec-
tive solutions for applications requiring measurements over large areas. Basically,
OFSs offer a great solution replacing traditional mechanical and electronic sen-
sors, with similar or better performance, at lower costs, especially if the proposed
solutions in this chapter are applied.
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Chapter 4
Polymer Optical Fiber Sensors

In previous chapters, different optical sensing mechanisms have been discussed.
The characteristics of the different types of OFSs have been presented and com-
pared. Although different types and characteristics have been shown, all those sens-
ing techniques were fabricated using silica optical fibers. In this chapter, an
alternative line of optical fiber sensors is introduced. Those sensors are fabricated
using polymer (in other words plastic). The chapter discusses this type of polymer-
based OFSs, elaborating on the different sensing techniques and wide range of
applications. More importantly, this type of OFSs is compared to the more com-
monly used Silica based OFSs. The chapter provides an introduction to polymer
optical fibers and their use in sensing. The characteristics of POFs are then dis-
cussed, highlighting their advantages and limitations. The different techniques used
for sensing in POFs are then presented, with demonstration of their most potential
applications and the motivation behind using this alternative type of OFSs.

4.1 Introduction to POF

Till recently, optical fiber sensing market was dominated by silica OFSs, due to their
ease of adaptation to the equipment and devices already in use in the telecommuni-
cation field.

Nowadays, Polymer optical fiber, also known as Plastic optical fiber (POF), is
growing as an economical alternative to silica optical fiber and its use for sensing
purposes has seen a considerable increase in the last decade. Their unique proper-
ties of sensing parameters such as strain, refractive index, temperature, pressure,
relative humidity, together with the low cost associated to this type of fibers and
their appealing characteristics (development of single mode fibers, microstructured
fibers, etc.) gave this technology a promising future in the optical fiber sensors
market [1].

© The Author(s) 2017 61
M.EE. Domingues, A. Radwan, Optical Fiber Sensors for loT and Smart Devices,

SpringerBriefs in Electrical and Computer Engineering,

DOI 10.1007/978-3-319-47349-9_4



62 4 Polymer Optical Fiber Sensors

Plastic optical fibers (POFs) have been under research for the last 3 decades. It
was a slow progress mainly due to its high transmission loss at that time, and the
lack of a market suitable for this technology. However, with the improvement in the
refractive index characteristics of the optical fiber, namely the production of graded
index fibers and the consequent decrease of in transmission loss, POF has returned
to the spotlight, as it opens new fields of applications and provides opportunity for
the development of cost effective sensing mechanisms [2, 3].

In the field of telecommunications, POF offers the advantages inherent to optical
fibers, which include reduced size, flexibility, cost effective, immunity to interfer-
ence, etc. Although its application is mainly concentrated in short haul communica-
tions (due its attenuation levels for long distances), they offer a considerable support
for silica optical fiber in communication links.

On the other hand, its application in the sensing field has a wide range of applica-
tions. Its vast application field ranges from biomedicine [4, 5], to structural health
monitoring and liquid level detection [6, 7]. POF sensing technology can be applied
in monitoring of strain, temperature, pressure, turbidity, density, position, refractive
index, just to name a few examples [2, 8]. It is highly expected that, with the evolu-
tion and rise of new and optimized types of POFs, its action scope will widen even
more [2].

POFs characteristics—high elastic strain limits, bending flexibility, high fracture
toughness and potential negative thermal sensitivities—give them major advantages
in diverse sensing applications. Its unique advantages include the high ductility of
polymer materials and the low stiffness added to its reduced size and weight. Such
features allow POF sensors to be implemented in environments with high strain
levels and where precise devices are required [8].

4.2 POF Characteristics

Polymer optical Fibers have a geometry similar to the one presented for silica opti-
cal fibers. They are composed of a core, a cladding and often also a jacket (for more
resistance), as illustrated in Fig. 4.1. Despite the high similarity shown in the figure,
nevertheless, the core of POF fibers has a diameter considerably larger (1 mm) than
that of Silica fibers (usually ~10 pm).

Nowadays, for the production of POFs, a variety of polymers are used, among
which the polymethyl-methacrylate (PMMA), polycarbonate (PC), polystyrene
(PS) and amorphous fluorinated polymer (CYTOP) are the most common [9].

Multimode POFs are available with a wide variety of diameters, larger than the
typical characteristic of the single-mode silica optical fibers. Also, they are available
with diverse cross-sectional index distributions, including gradient index configura-
tions and step index [10]. POFs are most commonly available as multimode fibers,
due to their large diameter, which allows the propagation of several modes. One of
the advantages of large core diameters of POFS is the simplicity and ease during
cleaving and connecting. This easiness in handling, although only applicable to
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Fig. 4.1 Polymer optical Jacket
fiber basic structure > Cladding (~10 pm)

Core (~1 mm)

multimode POF (single mode POF requires some extra managing care), helps to
spread POF sensors as an effortless solution (when compared to silica OFS), eco-
nomical and implementation wise [2].

Depending on the polymer used in POF production, the properties of the pro-
duced fiber change, and so does their response to strain and temperature. When
compared to silica optical fibers, their sensitivity is generally higher, showing also
some negative sensitivity to temperature. POFs also provide a considerable high
tolerance to bending. They are biocompatible, hence eliminating the need for the
use of other special coatings, rendering them ideal for eHealth application [8].

As any other technology, POFs certainly have some limitations. In principal,
they experience low thermal threshold. Other limitations are the viscoelastic proper-
ties of the polymer used and the difficulty in coupling process for different core
diameter fibers (cross-sections fluctuations). In distributed sensing scenarios, spe-
cifically for long distances, the transmission losses and attenuations inherent to POF
sensors may pose a considerable drawback [10].

The attenuation effect can be resulting from intrinsic or extrinsic origins. Intrinsic
origins are basically due to the material properties, such as absorption, scattering,
etc. Extrinsic origins occur due to material deformations, or microbending, etc. The
intrinsic attenuation in POFs is of some considerable magnitude, when compared to
silica optical fibers. Moreover, for wavelengths higher than 700 nm, the attenuation
in POFs tends to increase, whereas in silica fibers the attenuation in contrast
decreases [11]. Therefore, the wavelength windows, in which POF sensors work,
are considerably different than the ones used in silica optical fiber sensors.
Multimode POFs usually operate in wavelengths in the range of 400-700 nm (low
intrinsic attenuation), ~850 nm (telecom applications) and above 1300 nm for the
CYTOP fibers. Alternatively, silica optical fibers operate in the window of 1300-
1600 nm [11].

The attenuation in POFs is a critical issue that could easily be handled during the
design of POF-based sensors. As a consequence, two factors should be carefully
analyzed and adjusted: the length of the sensor and the operating wavelength
window.

To overcome some of the drawbacks imposed by the polymer attenuation,
graded index profiles can be used in order to lower the intermodal dispersion. The
implementation of graded index POFs (GIPOF) lowers the intermodal dispersion
and refines the resolution of the signal transmitted over longer distances.
Additionally, such implementation improves the coupling efficiency and reduces
bending losses. All effects are considered advantageous features, when targeting
sensing applications [11].
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Until recently and most usually, the increase of the POF core refraction index is
achieved through doping; nevertheless, there have already been some reports for a
dopant free fabrication processes of GIPOF [12, 13].

An alternative solution, to overcome the attenuation drawbacks of single POF, is
the use of microstructured polymer optical fibers (mPOFs), in which the fiber cross
section is composed of air holes, as illustrated in Fig. 4.2.

These types of fiber offer key advantages, not only over conventional POFs, but
also over traditional silica optical fibers. Their production is economically appeal-
ing and the polymers malleability opened a wide range of potential applications,
both in the field of telecommunications and for sensing applications. In the case of
mPOFs, the attenuation is reduced by decreasing the intrinsic losses of the fiber,
since the existence of air holes implies a decrease in the material responsible for the
signal absorptions (intrinsic attenuation) [14].

Regarding its physical properties, POF generally presents a yield strain of 1-6%,
as compared to 1-5% for silica optical fibers. The initial elastic modulus of POFs is
in the interval of 1-5 GPa [15, 16]. The thermal sensitivity, when considering a bulk
PolyMethylMethAcrylat (PMMA) POF, is significantly larger (~57%) than the val-
ues recorded for silica fibers, and they also provide negative values for temperature
sensitivity. Such negative sensitivity to temperature offers new possibilities in fiber
sensing applications, regarding the strain and temperature compensation [16].

In addition to strain and temperature sensitivity, POFs have another appealing
property, when it comes to humidity. In contrast to silica optical fiber (which
requires special coatings to absorb humidity and induce strain), POFs are intrinsi-
cally sensitive to humidity. An increase in the relative humidity (RH) directly
induces an expansion of the PMMA and consequently a change in the refractive
index [17]. This inherent characteristic of absorbing humidity in POFs is an opti-
mum trait for the production of chemical sensors, since POFs may be able to infil-
trate different chemical substances [17-19].

Air holes

4.3 POF Sensing Mechanisms and Applications

As mentioned in previous sections, POF characteristics render them useful for sens-
ing implementations. Their versatility and multiple features give the user the option
to choose from low cost and easy handling multimode POFs to any special POF
fibers with all possible enhancement of the physical attributes mentioned above,
since they can be manufactured from diverse range of polymer materials.
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The following sub-sections explore some phenomena used for POF sensing
applications and describe some of the most common type of sensing technologies in
POF, namely intensity-based, interferometry, distributed sensing, FBGs in POF and
microstructured POF sensors.

4.3.1 Intensity

Polymeric optical fiber sensors, based on optical losses, are the most cost effective
and non-complex type of sensing mechanisms, since their implementation is easy
and straight forward.

These sensors owe their low cost feature to the low cost of the multimode POFs,
along with the optical sources and detectors. A simple sensing system can be com-
posed of an optical source (laser or a light emitting diode (LED)), the POF section
and a photodiode to convert the light into current/voltage values. The optical inten-
sity modulation can be achieved by decoupling two fibers; thus changing the optical
transmission path from one of the POF away from the acceptance cone. Additionally,
doing so changes the amount of input optical power coupled into the POF [20].
Another way, to achieve the optical intensity modulation, is by creating losses along
the length of the optical fiber, by inducing a bend or grooves in the POF [8, 21, 22].
These are just a couple of examples. A schematic example is presented in Fig. 4.3.

The simplest and earliest configuration of a POF intensity sensor is based on the
transmission losses induced by bended section of the polymeric optical fiber. Also,
transmission losses can be achieved by lateral polish or cut in along the fiber length
[7, 21].

Based on this principle, some sensing mechanisms were successfully presented.
For instance, a simple implementation takes advantage of the high strain sensitivity
of POF, by inserting a polymeric fiber in a section epoxy composite laminates, mak-
ing it possible to detect defects and cracks in the epoxy structure. The configuration
implemented only needs a LED as the optical source and a photodiode to monitor
the output intensity at the POF end connection. The fact that the polymeric fiber has
a high strain threshold enables the sensing mechanism to survive the epoxy degra-
dation and to accurately retrieve the local cracks gradient growth [22, 23]. The same
experimental configuration can be used to monitor strain and the bending evolution
in loaded structures. The flexural and axial loads, induced in the structure, modulate
light intensity in the sensing POF, which can be detected by a photodiode [24].

Apart from the simplistic (but effective) implementation described, the sensing
mechanism can still be optimized to fit different application scenarios and for the
measure of other parameters besides strain. The thermal optical characteristics of
polymeric materials allow the design of temperature sensors, with linear response at
a fixed bend radius of the POF [25]. This response is due to the fact that a variation
in the temperature induces a shift of the POF refractive index and therefore a change
in the optical loss intensity through the bended section of the fiber. Using this
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Fig. 4.3 Intensity based POF sensing mechanism based on (a) and (b) bending fiber and (c) fiber
coupling

method, it is possible to monitor the temperature shifts, by observing the optical loss
variation [25, 26].

Also environmental refractive index (RI) changes can be monitored with POF
bend based sensors in a U-Shape configuration. The optical loss at the bending
induces an evanescent wave, which can be modulated by the changes in the environ-
mental (mostly fluids) RI, in a range of 1.33—1.45 and with sensitivity of nearly
800%/RIU [27]. For RI monitoring accuracy and repeatability, the bending radius in
the POF has to be controlled. This configuration, based on the RI changes with the
concentration levels, has also been used to measure parameters like water salinity or
TNT concentrations in alcohol [1].

The sensitivity optimization of intensity-based POF sensors is achieved by
increasing the transmission power loss. That boost in the power loss can be accom-
plished by making groves in a cross section of the fiber. This technique has been
used in the production of sensors for biomedical application [5, 28, 29], liquid level
and structural health monitoring [7], among others, offering a reliable, accurate and
low cost solution for those implementations.
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The devices, described above, are based on the interaction of one fiber with the
surrounding environment, being therefore intrinsic solutions. In addition to those
technologies, other sensing systems were developed, based on an extrinsic sensing
configuration. In such configuration, the sensing principle relies on the transfer of
the light signal, and therefore the coupling efficiency, between two POFs (one is
fixed into an inertial arm and the second moves according to the structure oscilla-
tion); or between one POF and a reflective surface, taking advantage of the scatter-
ing phenomenon along with its coupling efficiency.

Devices, using such principles, have been developed and implemented for bio-
medical applications (cardio respiratory monitoring) in addition to structure health
applications [4, 6, 20].

4.3.2 Interferometry

The production of POF interferometric sensors is quite straightforward and consid-
erably low-cost; being one of the reasons this technology has been successfully
implemented for the measuring of a wide range of low frequency strain, surpassing
the performance of silica based sensors in sensitivity and failure threshold [30-34].
In Fig. 4.4, the basic configuration of an interferometric sensor is presented. The
interferometry in POF sensing devices can be incoherent or coherent, according to
the type of fiber and the design of the sensing setup mechanism.

The time of flight interferometer is an example of an incoherent interferometer
configuration, which can use multimode POF, taking advantage of its low cost and
the fact that it does not need phase measurements [33]. This principle has been used
to monitor vibrations in moving structures, as well as for biomedical applications
[32, 35].

The POF sensors, using a coherent interferometry, require a rigorous control of
the modes propagating in the fiber. Consequently, the use of single mode POF in
their production is more frequent, which can additionally increases the costs of the
sensing devices considerably. Nevertheless, they bring the advantages of high
resolution and precision, which sometimes prove cost effective for certain sensing
requirements [33].

LED/aser

POF sensing arm

Photodiode

POF reference arm

Fig. 4.4 Schematic of an interferometric POF based sensor
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4.3.3 Distributed Sensing

POF sensing characteristics have also been used for distributed sensing applica-
tions. Nevertheless, working strain range is quite different than the one visible in
silica fibers, since the backscattering signal observed in POFs has considerably
weaker sensitivity to small strains, but substantial sensitivity for larger strains [36].
Owing to those characteristics, its application over wide structures with large strain
variations is ideal. Moreover, the fact that POFs can endure considerable amount of
deformation (contrary to silica fibers) enables them to be deployed in different fields
of application, where silica cannot perform due to endurance limitation. The defor-
mation induced in POF devices modifies the loss properties and scattering levels in
the fiber, reaching values that can be comfortably monitored [1].

POF distributed sensing mechanisms have been used for structural health
monitoring and biomedical applications [37, 38]. For a respiration monitoring
device, POF is suitable for embedding into a textile composite and the elongation
of the POF induced by the thoracic breathing movements can be monitored by an
OTDR [38].

4.3.4 FBGs in POF

FBG based OFSs are probably the most widely implemented type of silica optical
sensors. Its wide dissemination is due to its multiplexing abilities and wavelength
encode, basically meaning that the sensor is not influenced by laser fluctuations or
coupling misalignments. The success of this sensing technology in silica fibers
boosted the research into the development of FBG based sensors using POFs.

The first reported inscription of an FBG in a POF fiber was performed by Xiong
etal., in 1999 [39]. The authors inscribe the grating in a single mode photosensitive
polymeric fiber by exposing it to UV light [39].

Due to the POF high strain sensitivity and failure threshold, the FBG sensors can
present a large wavelength shift in tensile strain loadings (~52 nm, considerably
higher than the observed for silica FBGs) [40]. The POF FBG sensing feedback to
temperature is also verified, although the thermal resistance of POF fibers is consid-
erably lower than that of silica; hence limiting FBG-based POF sensors for lower
temperature applications [41]. The challenge regarding this type of sensors is the
recording of the Bragg grating into multimode POF, since not only the production
costs are considerably lower than single mode fibers, but also because its implemen-
tation is much less complex. The photosensitivity of the multimode POF can be
increased with dopant substances, such as benzyl dimethyl ketal (BDK) [42]. Also,
in some situations, the FBG can be erased if exposed to elevated temperatures for
extended periods of time. Such drawbacks in FBG sensing still need to be addressed
and resolved.
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Although the use of POF considerably reduces the sensor cost and increases the
coupling efficiency, some extra care should be taken (coupling wise) in order to
maintain the reflected spectrum and the optical power coupled in each mode, so it
remains stable and it does not affect the repeatability of the measures [42].

The dominant physical mechanisms behind the Bragg grating production in poly-
meric fibers is the photo polymerization [8], which is different than the process used
in silica fibers. Nevertheless, similar to the inscription of Bragg gratings in silica
fibers, the depth of the grating also increases with extended exposure time, till it
reaches a certain threshold, beyond which the fiber material may be damaged [43].

Although some great advances have been made for FBG in POFs, some key
issues must yet be addressed and are currently being investigated, in order to address
its pitfalls and make this technology as low cost and easy to implement as other POF
sensing technologies.

4.3.5 Microstructure POF Sensors

As previously stated, single-mode POFs offer high-resolution sensing, but with sev-
eral challenges regarding their production methods and coupling efficiency, being
only suitable for short sensing lengths. A promising solution to surpass such pitfalls
is the use of microstructured polymer optical fibers (mPOFs) for the production of
sensors. This type of fibers has flexible hole patterns, low melting point and is con-
siderably easy to handle [44].

The large air gap created by the microstructure in the cross section of an mPOF
helps reduce the intrinsic attenuation and favors the confinement effect of the opti-
cal signal, enabling the propagation of a single mode signal for a wide wavelength
range [44].

The unique microstructured cross section of mPOFs can be applied for the moni-
toring of force or temperature by inducing a selective liquid infiltration (one particu-
lar cladding air hole) into the fiber microstructure [45].

The fact, that the individual holes in the fiber have extremely small diameters
and can be filled with fluids, is another high advantage of the mPOF, which
enables them to be used for biomedical applications allowing small size samples
to be analyzed with extremely high sensitivity. Additionally, the sensor can be
chemically selectively reactive, by coating the microcavities with the appropriate
chemicals [46, 47].

Microstructured POFs present an optimum advantage over solid core single
mode POFs, since they allow the writing of highly tunable FBG sensors [10].

Nevertheless, due to the multiple lateral interfaces of mPOF to side illumination,
the inscription of FBGs becomes quite more challenging. To overcome such chal-
lenging procedures, alternative innovative methods have been investigated, such as
using PMMA (polymethyl methacrylate) and Topas (cyclic olefin copolymer)
mPOF fiber [48, 49]. Topas has no monomers, a high glass transition (Tg ~ 135 °C)
and a very low moisture absorption rate (about 100 times lower than PMMA), which



70 4 Polymer Optical Fiber Sensors

provides favorable conditions for the optical fiber drawing and does not induce
apparent thermal strain in the sensing area [10]. FBGs written in Topas mPOFs are
suitable for monitoring large strain ranges and temperatures up to approximately
110 °C [49].

It is clear now that POFs offer an alternative opportunity for OFSs, which is
cheap, but they still need further investigations to overcome their drawbacks, if they
would ever achieve their foreseen potential.

4.4 Summary

This brief represents a full review of the concept of optical fiber sensing; therefore,
the brief has to cover every aspect of optical fiber sensing. The previous chapters
have initially presented the general idea of sensing based on optical fiber, then went
through different types of sensing methodologies, listing the main technological
basics of each, along with their production methods, advantages and inherent limi-
tations. Moreover, ideas to reduce the production costs of OFSs and the overall
sensing systems have been discussed. However, all previously mentioned sensing
technologies have been built using Silica optical fibers. To provide a complete view
of optical fiber sensing, this chapter provided another alternative for the production
of OFSs, using Polymer (or plastic) optical fibers (POFs). The chapter provided an
overview of optical fibers made of polymer. The main characteristics of POFs have
been presented, while always comparing to those of Silica optical fibers. This com-
parison would allow readers to potentially choose the optical fiber, which is best
matched to the requirements of the applications and the environment. The details of
the different production methods of POFs have been overviewed, coving intensity-
based, interferometric, FBG-based and microstructure POF sensors. To provide a
complete vision of POFs, distribution features of POF based sensors are addition-
ally discussed. Fields, where POF-based sensors outperform silica-based ones, have
been emphasized, providing a useful guide for users to decide when to use POF-
based sensors. Basically, POFs provide a cost-effective alternative to silica based
sensing technologies, but some challenges and issues (which has been illustrated in
the chapter) have to be carefully addressed, while taking into consideration the limi-
tations and range of applicability of POFs.
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Chapter 5
Optical Fiber Sensors in IoT

In previous chapters, the concept of optical fiber sensing has been thoroughly dis-
cussed. The multiple different techniques of optical fiber sensing have been pre-
sented. Different types have been compared. Silica fibers, as well as plastic (also
known as polymer) fibers, have been explained. The different physical parameters,
that could be measured/monitored using OFSs, have been listed, along with best
options to use and limitations, based on the details of the application and required
precision. Methods to reduce the costs of fabricating and implementing different
OFSs have been explained, in order to increase the feasibility and applicability of
optical fiber based sensing, specifically for the deployment in the field of Internet of
Things (IoT), which is the buzz word of today’s technology. Having paved the way,
this chapter discusses the use of OFSs in IoT. The current chapter introduces the
concept of IoT, highlighting the factors and motivation pushing towards a more con-
nected world; hence the so-called Internet of Things (IoT) and in the more extreme
scenario the Internet of Everything (IoE). To begin, the chapter explains the term
“Internet of Things” in the first subsection, emphasizing the need for such concept,
highlighting the enablers of IoT and their added value. The chapter then moves
forward to highlight how OFSs can be integrated in IoT applications, to provide a
more added value at lower costs. After a brief introduction of IoT, each subsection
tackles a different category of IoT applications, where OFSs are seen to play a role
in the very near future. It is worth mentioning here that the current chapter is not
intended to provide a complete view of IoT and should not be treated as one. The
chapter is alternatively dedicated towards discussing the use of OFSs within
IoT. Readers, interested in learning more about IoT, are advised to read publications
devoted to IoT, such as surveys by Al-Fuqaha et al. [1], or Atzori and Iera [2].
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5.1 Introduction to IoT

The term “Internet of Things” refers to technologies that enable the networking of
“Things”, allowing different devices and items to sense each other and their sur-
rounding environment, communicate among themselves, and automatically react
according to situations they sense, without human interference [1, 3]. The term
“Things” in the phrase “Internet of Things” refers to any object that exists in the real
world, where a sensor and a communicating device (i.e. a transceiver to send and
receive information) are embedded, to enable those devices to sense certain param-
eters and to communicate with the outside world and other smart devices (i.e.
Things). Such communication usually occurs wirelessly; hence allowing the free
mobility and ubiquity of those smart devices. The “Things” (smart devices) can
basically be anything, as for instance vehicles, machines, buildings, people, ani-
mals, goods or even the environment surrounding those devices [2, 3]. [oT applica-
tions widely vary and include different scenarios, which are considered unlimited
and cannot really be fully listed. Experts even usually assume that there are still
many more applications; some are not yet known and will be discovered/introduced
in the near or far future. Some more common examples include smart home (smart
housing), eHealth, intelligent transport system (ITS), to name a few [1]. Within the
concept of smart housing, users are able to monitor what is happening in their own
homes, while away. Smart housing would also automatically adjust the house tem-
perature according to context. For instance, in winter, heaters could be switched off,
when no one is home to save energy and reduce electricity bills, while switching
them back on just in time to have adequate warm temperature when home owners
arrive. Smart housing can even be programmed to control coffee machines, so cof-
fee is ready when owners wake up. Washing machines may also be controlled within
the concept of smart housing, so they are only switched on when power costs are at
lower rates in smart-metering scenario. Moving outside of our houses, intelligent
transport system (ITS) would come in play, where our cars would be able to com-
municate with traffic lights, other cars and other types of transport vehicles (i.e.
trains, metros, busses), in order to provide a safer and faster way of transportation.
Moreover, self-driving cars are under experimentation and field trials in multiple
venues, and it is just a matter of time before they are a reality and not just a technol-
ogy of the future. A final example here is eHealth, which is already part of our life
nowadays. Wearable and other type of health monitoring devices monitor health
conditions of patients, elder citizens and even normal healthy person, for alerting
users and their doctors of critical health conditions, in addition to tracking vital
statistics for healthy life. eHealth can also enable remote diagnosis of some illnesses
and certain symptoms, through videoconferencing among other technologies.
Basically, IoT is becoming big part of our daily life at the moment, and soon enough
will be present in every aspect of any person’s life.

To put things in perspective, one way of categorizing IoT would be by dividing
into six key, interconnected areas, namely: Smart Materials, Wearable devices,
eHealth, Smart Cities, Smart Mobility, and Smart Houses [3]. This is one vision that
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Fig. 5.1 One vision of how IoT can be divided

is illustrated in Fig. 5.1. Other categorization has been introduced, such as the divi-
sion into different vertical markets, namely smart home, vehicles, school, market,
industry, transportation, healthcare and agriculture, as presented in [1].

IoT is envisioned to connect billions of different types of devices using all differ-
ent types of networking. Cisco has forecasted that by 2020, 26.3 billion devices will
be networked [4].

5.1.1 Enablers of IoT

The intriguing question, that arises right now, is: Why is [oT receiving so much
attention right now? In other words, what have enabled the adoption of IoT technol-
ogy? There is not a single factor that allowed the spread of IoT technology, but
instead there were multiple technology achievements that enabled the rise of
IoT. One of the main enablers of IoT has to be the ubiquitous wireless networking,
which allows the connectivity of any device anywhere all the time. The progress in
wireless networking, including mobile networks and small area networking (i.e.
WiFi), has provided cheap means of wirelessly connecting a huge number of devices
to the Internet; hence creating the term “Internet of Things”. Relative to networking,
the cost of bandwidth has also declined. This allowed more types of applications to
be adopted, including high quality videos, which can be used in remote monitoring
of properties, as well as remote medical diagnosis. This progress in wireless net-
working has been accompanied by widespread use of smartphones. The spread of
Smartphones has helped with increased feasibility of IoT, since smartphones can act
as personal gateways to IoT, acting as remote control or a hub. Basically, almost
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every IoT aspect has an interfacing application, which can be installed on a
smartphone.

Moving from wireless networking, two other important enablers are cheap sen-
sors and cheap processing. The advances in sensing technologies have been a major
player in the spread of IoT applications. Such progress has dropped the costs of
sensor fabrication, allowing the deployment of huge number of sensors in different
applications, since they became more affordable. Additionally, the miniaturization
of sensors, along with their reduced power requirements, represent another factor
that enabled the deployment of many sensors, especially in small areas without
much burden on small batteries used in many mobile devices [5].

On the other hand, processing costs have been in the decline, dropping nearly
60x over the last decade, enabling smart devices to be affordable yet with enough
processing powers to understand their surroundings and automatically know what
they should do without human control. Finally, big data and IPv6 were two more
factors that enabled the addition of more devices to the connected world, forming
part of the Internet of Things world. Obviously, IoT generates huge amounts of
unstructured data, although may not require high data rates. The availability of big
data allowed the high data volumes required by IoT. The move from IPv4 to IPv6
increased the number of possibly connected devices. IPv4, which supports only
32-bit addresses, allows the connectivity of approximately 4.3 billion devices, while
moving to IPv6, using 128-bit addresses, increased the number of connected devices
to approximately 3.4 x 10°® devices [3].

5.1.2 Value Proposition of IoT

Many companies are already embracing the concept of IoT. IoT is used within those
companies on two different premises. IoT technology can be used as a revenue gen-
eration itself, or can be used for increasing productivity and reducing costs. For
revenue generation, companies focus on driving incremental reviews through the
introduction of new IoT-based products and services. As per example, AT&T®, in
partnership with car manufacturers such as Audi®, GM®, Tesla® and Volvo®, has
introduced a Connected Car service. Such service offers a high speed connections,
using 3G or 4G, on a monthly subscription basis (10$/month). Many opportunities
exist for other services and products, in all areas of IoT, such as Smart City, ITS,
eHealth, etc.

Alternatively, companies benefit from IoT applications, by reducing their costs
and increasing productivity, through using smarter production or manufacture meth-
ods. IoT can be used to reduce costs of Capital costs (Capex), labor or energy. For
instance, Verizon® is exploiting 10T to save energy, through the deployment of hun-
dreds of sensors and control points throughout their data centers, connected wire-
lessly. As a result, Verizon® managed to decrease their energy consumption, up to 55
million kWh annually across 24 data centers, saving 66 million pounds of green-
house gases per year [3].
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5.1.3 Sensorsin IoT

IoT systems, in general, consist of three domains: Sensors, Connectivity and
Applications. Most attention has been focused on the application category.
Connectivity has been well investigated as well; wireless networking is achieving
and even surpassing their potential. In contrast, the underlying hardware of sensor
technologies has been lacking enough efforts to keep up with the advances in IoT,
specifically the links of those sensors to the ‘cloud’ [5].

Sensor technology is remarkably diverse. Sensors are usually very specialized
and execute a certain basic very specific task, based on the application and perfor-
mance requirements. For instance, in any settings, there would be many different
devices, but all measuring temperature ones are based on one of the technologies,
namely thermistors, bimetallic strips, and very occasionally thermocouples [6]. The
fact, that there are too many devices doing the same sensing job, emphasizes two
important basic points with regards to sensors and their implementation. The first
point is that sensors are very specialized and are very limited to one certain applica-
tion need. Second, the same technology, in an entirely different package, can fulfill
arange of sometimes radically different requirements. It is important to understand
that sensors are usually deployed in IoT, to enable or facilitate another task. In such
environment and technology, how can one decide which sensor or technology to
use? On the other hand, what can new technologies contribute to sensing tech-
niques? Sensor technology experts have created three tests, of which at least one
must be demonstrated by new technology. The first test is whether the new technol-
ogy can perform the same job with the same specification but for tenth of the cost.
The other test is for the technology to perform the same job but ten times better and
for the same cost. Lastly, the question, to be asked, is if the technology can perform
a measurement that has been hitherto impossible [6].

5.1.4 Fiber Sensors in loT

The benefits of fiber sensing have already been well demonstrated and were previ-
ously discussed in this book. However, for those benefits to be advantageous, they
have to provide some gains to potential users, when compared to what is currently
available. Obviously, those benefits depend on the applicable market sector, along
with current and projected needs of such market. Among those are the necessary
qualities of stability, repeatability, resolution, accuracy, and reliability, across a range
of environmental conditions. Additionally, some cultural momentum comes into
play, which can particularly be seen in more conservative industries, such as aero-
space. In such conservative industries, the need for established codes of practice is
usually required prior to adopting a particular technology breakthrough, in addition
to the somewhat contradictory parallel need to adopt such technology in order to
verify the established code of practice. Those examples elaborate the challenging
puzzle of actually adopting new sensing technologies in the practical world [6].
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Despite the challenges facing the adoption of new technologies, including fiber-
based sensing, OFSs have shown certain qualities making them suitable for many
applications of the world of IoT. OFSs have demonstrated their ability for multi-
plexing and distributed sensing at low-costs, offering an attractive solution for mea-
surements of physical parameters over long distances or large areas. The full
distributed OFS network (Rayleigh, Raman, and Brillouin scattering) is considered
a 3S system (smart materials, smart structure, and smart skill). Distributed OFSs
can be embedded in power grids, railways, bridges, tunnels, roads, dams, oil and gas
pipelines among other facilities, and can be integrated with wireless networking [7].
The benefits of OFSs have been discussed thoroughly in previous chapters. Most of
those benefits are still relevant in IoT applications.

Now that IoT has been introduced, the rest of the chapter discusses different
applications of OFSs within IoT different categories, building on the knowledge
gained about fiber-based sensing, its characteristics, pros and cons, in addition to
examples of how to deploy OFSs for different applications and conditions, pre-
sented in previous chapter.

5.2 Smart Composite Materials and Structures

One of the applications, to start with, is composite materials and structures. The use
of Composite materials varies in a wide range of fields, including sport/leisure, aero-
space, maritime structures, transport, and civil engineering industries. Composite
material structures are usually subjected to external perturbations and often harsh
changing environmental conditions, which cause fatigue damage and/or failures to
those structures; hence raising the need for real-time structural health monitoring
(SHM) [8-11]. There is a great demand for real-time diagnosis process and condi-
tion monitoring of composite structures, while in place during their working lifetime
[9-11]. The continuous monitoring aims at detecting, identifying and locating the
defects within the structure that may threaten their safety and/or performance.

A variety of traditional nondestructive evaluation (NDE) techniques already
exist to perform such SHM, varying between ultrasonic inspection, acoustography,
low-frequency methods, radiographic inspection, shearography, acousto-ultrasonic,
and thermography [12]. Although those techniques are considered effective, most of
these techniques are difficult to use during operational mode of the structures, due
to their size and weight [8, 12].

Alternatively, OFSs are better suited options for real-time SHM, during opera-
tional mode, since they can be easily embedded into composite structures acting as
a nervous system [8]. OFSs have proved their potential, when compared to tradi-
tional NDE techniques. Initially they provide the typical advantages of optical fiber-
based sensors, being minimal weight, small size, high bandwidth, and immunity to
electromagnetic interference. Additionally, OFSs offer unique capabilities in the
field of composite materials. They are suitable for monitoring the manufacturing
process of composite parts. They can be used for nondestructive testing, once fabri-



5.3 Smart Wearable Devices 79

cation is complete, enabling health monitoring and structural control [8]. OFSs have
proved capable of monitoring multiple parameters including stress/strain, tempera-
ture, composite cure process, vibration, humidity, delamination, and cracks [12,
13]. Furthermore, due to progress in optoelectronic industries and telecommunica-
tion, optical fibers are steadily and increasingly becoming a cost effective solution.

Finally, for sensors to be used in composite structures, they need to have minimal
effect on the characteristics and functionalities of the hosting materials. OFSs per-
fectly fulfill this requirement, since they are compatible with reinforcement fabrics
and can be embedded within its structures without modifying their strength [8].

The fabrication process is very critical, since the produced OFSs have to meet all
the requirements, from performing its monitoring task perfectly to keeping the char-
acteristics of the hosting structure unchanged. Many fabrication processes exist.
However, for this specific application with its critical requirements, the expertise-
intensive hand layup and pre-preg layup methods [14] are mostly adopted. In the
hand layup process, fiber-reinforced layers are arranged in a laminate; then the
laminate is figured to produce the required part. The process stacks the reinforce-
ment fibers or fabrics over each other, while applying the matrix between them.
Afterwards, the resulting laminate is shaped as required [8].

Pre-pregs are known to be single laminates of pre-impregnated composite fibers
with a matrix material such as epoxy resin. The pre-preg layup method stacks mul-
tiples composite pre-preg laminates over each other. The curing is then performed
unaided or by applying heat and/or pressure. The shapes are molded either using
vacuum-bag molding or an autoclave molding [12].

A similar process is used in embedding optical fibers in samples. First, optical
fibers are placed on the composite layer, while applying some pre-strain, to produce
fibers free of bends [8, 15]. It is worth mentioning that the exact position of the OFS
is application specific and is determined by the locations where parameters are to be
monitored.

Multiple monitoring applications exist in the field of composite materials, includ-
ing but not limited to monitoring vibration, cure process, and cracking detection [9,
11]. In all referenced applications, the main parameters to monitor are strain or
temperature or both parameters, simultaneously. In the area of composite materials,
more than one type of OFSs have been reported for strain/temperature monitoring,
including interferometric OFS [16], fiber Bragg grating (FBG) [13], distributed sen-
sors (using various techniques such as Rayleigh scattering, Raman scattering, and
Brillouin scattering) [7, 17]], and polarimetric sensors [18, 19].

5.3 Smart Wearable Devices

Smart wearable devices are sensor based gadgets that are worn by individuals to
monitor different parameters, whether physical parameters of surrounding environ-
ment or biological parameters within the body of the individual for health monitor-
ing. Within this field, sensors are considered the most diverse component and the
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key enabler for smart wearable devices. Along current known wearable gadgets
such as smart watches, smart textiles are becoming a major player in the field of
smart wearable devices. Smart textiles can be defined as textiles, which can interact
with their surrounding environment, through sensing certain parameters and either
reacting based on those measurements or relaying those measurements to other con-
trol units for decision [20]. Different types of sensors can be embedded within smart
textiles, which are capable of monitoring various physical parameters. Smart tex-
tiles have been proposed to be used in multiple fields, including transportation,
medicine, civil engineering, etc. Medicine applications are considered one of the
main fields of application of smart textiles. They can be used for the continuous
monitoring of physiological parameters of great importance, including respiratory
activity, heartbeat or blood pressure. The main goal for developing smart textiles for
medical reasons is to increase the mobility of patients or elder citizens, who require
all-time continuous medical surveillance [20].

Currently, OFSs are gaining much advantage compared to traditional electrical
and mechanical sensors for the monitoring of thermal and mechanical parameters
in the field of smart textiles. As usual, OFSs owe their advantages to their small
size and flexibility, their good metrological properties, and of course—in this con-
text—their immunity to electromagnetic field. This last property specifically
allows smart textiles using OFSs to be used in a magnetic resonance imaging
environment, in contrast to standard electronic sensors, which are hazardous in
such environment. For instance, OFS-based smart textiles can be used for moni-
toring biological parameters (e.g. respiratory and heartbeat) during a magnetic
resonance procedure [20].

Fiber optic technology perfectly fits in the application of smart textiles, since
they can provide both sensing and signal transmission, simultaneously. Polymer
optical fibers (POFs) are specifically perfect for smart textile implementation, since
they are cheap, lightweight, flexible, robust, and able to measure high strain values
without damage. Another example is gait analysis using wearable sensors, which is
an inexpensive, convenient, and efficient alternative to traditional electronic solu-
tions. It is capable of providing useful information for multiple health-related appli-
cations. In clinical experimentation in rehabilitation and diagnosis of certain medical
conditions and sport activities, gait analysis using wearable sensors have shown
great performance and potential [21]. During the last decade, intensive research
efforts have focused on the integration of smart textiles and optical fiber technology
[20, 22].

As it is clear now, OFSs can be manufactured using multiple principles. However
for this specific application of smart wearable devices or smart textiles, sensors
based on the fiber Bragg grating technology or intensity-based OFSs have been
mostly used [20].

Finally, one issue with smart textiles using OFSs, that needs to be addressed if
such technology is to be widely adopted, is the need to improve their stability
against light coupling, specifically in homecare long-term applications [20].
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5.4 eHealth Smart Applications

Another important application of sensors, gaining lots of attention in the IoT
world, is in the field of healthcare. eHealth is a very rich environment, where sen-
sors can be used for various applications, to facilitate management in hospitals or
clinics, in addition to provide better quality healthy life to individuals in general,
and patients in particular. Using sensors attached to the body of an individual, vital
signs and physiological parameters can be continuously monitored; hence provid-
ing a ubiquitous (any time, everywhere) medical surveillance to patients. Some
possible parameters that can be monitored are electrocardiography (ECG), respira-
tion, skin conductance, and skin temperature. In the field of eHealth, the sensors
can either be invasive or non-invasive, with different requirements. Invasive means
the sensors are inserted inside the body of the patient/individual; hence they have
to be miniaturized and biocompatible. On the other hand, non-invasive sensors are
placed on the skin surface or very close to the body (as in the case of smart textiles)
[20, 23].

OFSs are good option for use in the emerging field of eHealth, whether in inva-
sive or non-invasive manner. They owe their advantages to their desirable metro-
logical properties such as low zero drift, sensitivity drift, and good sensitivity.
Clearly, OFSs are immune to electromagnetic interferences. All the above men-
tioned properties enabled OFSs to match other more traditional electrical and
mechanical sensors, while surpassing them in many fields of application. Finally,
the fact, that OFSs can be used in a Magnetic Resonance (MR)-compatible setup,
further increases the research interest in optical-fiber based eHealth technologies
[20]. Recent work has demonstrated body-monitoring systems, based on optical
fibers and their application in the field of physiological monitoring [22, 26].
Despite all the advantages, some challenges are still facing the development of
optical fiber based eHealth devices. There is an obvious need for the development
of easy-to-use ‘plug and play’ devices, which are tolerant to rough handling.
Additionally, the costs of necessary instrumentation still need to be reduced, if
such technology is to reach its potential and be affordable by the majority of
patients. Basically, application-oriented customizations, reduced costs and robust
designs are critical factors for their commercialization, especially for the medical
market [23].

5.5 Smart Cities

We live in a world, where resources are limited and scarce. Usually, urban areas
consume the vast majority of these resources. For our survival on this planet, cities
need to be more sustainable. Advanced automated systems to enhance processes
within a city are foreseen to play a major role in the cities of the future. Some
examples of those systems include smart buildings, which are capable of capturing
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rain water for later use; and intelligent control systems to autonomously monitor
infrastructures [27]. The potential possibilities are numerous. All those advanced
automated systems lie under the umbrella of the “Smart City” concept.

A smart city can be seen as a city, whose infrastructures and services are cohe-
sively integrated, while using intelligent devices for monitoring and control, to
ensure sustainability and efficiency. The motivation behind intelligent innovative
solutions to provide sustainable cities is clear. Population are constantly growing,
significantly increasing resources consumption, causing shortage in resource and
climate change. It has been clear that urban areas are particularly responsible for the
major consumption; hence the increasing need for smarter infrastructures [27]. The
“Smart City” solution comprises multiple smart components of urban dynamics, as
illustrated in Fig. 5.2.

It is worth noting that clearly sensing plays a major role in the concept of “Smart
City”. Smart sensing provides a tool to automatically monitor certain parameters,
then intelligently react on its own based on measured parameters. For one instance,
smart sensors can be used to monitor large infrastructures, such as bridges, roads
and buildings; hence providing a real-time continuous surveillance of those infra-
structures. Such continuous monitoring would eliminate the need for regular sched-
uled inspections, therefore reducing costs. Another application is measuring energy
consumption in households, allowing load forecasting [27].

As clear from the above arguments, sensors are at the heart of the “Smart City”
application. There is a need for numerous sensors to be deployed and well con-
nected. The collected data have to be intelligently acquired, analyzed and well pro-
cessed, to make intellectual decisions [27]. The need for a large number of sensors
raises a challenge for the production of such amount of sensors. Besides being
small, accurate and resilient, the production of sensors has to be cost-effective.
Meeting those requirements, OFSs represent a perfect fit for use in Smart City
applications. In the rest of subsection, different usages of OFSs in the different
components of Smart Cities are discussed.
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5.5.1 Smart Buildings

In a Smart City setup, all standing infrastructures should be continuously monitored
for safety and disaster avoidance. Although infrastructures in cities are usually peri-
odically examined by experts through scheduled visits, a visual inspection is often
not perfect and anomalies may sometime go undetected. Thanks to automation, a
more efficient way exists through installing multiple sensors across the overall
structure, which automatically monitor the conditions of buildings [11]. In the con-
text of SHM, different types of sensors have been used, including corrosion rate
sensors (using the principle of increased electrical resistivity due to corrosion);
acoustic emission sensors (based on the propagation of sound waves); and magneto-
strictive sensors (which are built on the concept of detecting changes in the mag-
netic induction of the material caused by strain or stress). Some more sophisticated
sensors can even be used such as accelerometers, which measure both acceleration
and vibration [11, 31].

Recently, OFSs have been used in the context of SHM [11]. For example, OFSs
can be used in bridges and buildings for damage detection. As explained in previous
chapter, OFSs, in this scenario, measure strain, pressure or temperature, by detecting
the changes in a transmitted signal, after passing through the structure, by interpret-
ing wavelength change. The OFSs need to be embedded within the structure to be
monitored. The used OFSs can also be built based on distributed sensors or FBG
sensors [28-31]. OFSs have already shown very promising performance in field tests.

5.5.2 Smart Services

“Smart services” is another field of the “Smart City” concept. This section lists two
examples, where sensing is of critical importance. Those examples are monitoring
of energy consumption and monitoring of water consumption/leakage. Those two
services can contribute towards the sustainability of cities, through decreasing the
consumption of energy and water, which are considered two of the most critical and
scarce resources of our society.

Power consumption measurement can provide critical information, which can
be used to decrease the overall energy consumption of household; and conse-
quently that of the city as a whole, contributing towards the goal of sustainability
of Smart City. Smart meters concept has been introduced using bi-directional grids
[27]. Smart meters can help customers decrease their energy consumption; hence
lowering their electricity bills, through usage of certain appliances during off-peak
times, when energy is at its lowest price. Crucial to this concept is the precise
monitoring of electronic appliances and measuring their energy consumption.
Accurate measurement of power usage requires high sensitive sensors. Towards
this end, sensors have been used to measure power consumption and monitor elec-
trical appliances [27].
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Besides energy (i.e. electricity), water would be considered the most vital resource
in urban areas, which is already scarce. For that reason, water distribution has to be
performed in the most efficient way possible. Additionally, quality control of water
is one trait that cannot be compromised for the safety of the consuming citizens [32].
Obviously, continuous monitoring of water control is a vital requirement in urban
environment. Some chemical sensing devices would be perfectly suitable for moni-
toring the quality of water, especially distributed for residential areas [11, 27].

The water distribution systems are basically non-intelligent. If a pipe gets dam-
aged and water leakage occurs, it may be tricky and time consuming to detect such
failure. It may even goes unnoticed for long time (may be years), in case of damage
in underground pipes. Advanced sensing would provide a more reliable solution that
can offer a fast fault detection system. Sensors are hence perfect for deploying in
water distribution systems. They can be used to monitor water level in reservoir
tanks, detect faults and leakage, and observe the water quality along the distribution
system [33-35]. Based on the characteristics and sensitivity of OFSs, they represent
a cost-effective efficient option for usage in water distribution systems, varying
from monitoring water levels in reservoirs to detecting damage in pipes; hence con-
sequently leakage.

5.5.3 Smart Mobility

With the steep increase in number of cars, there is an increasing need for efficient
traffic management, to avoid traffic jams and optimize traffic flow, which would
lead to more efficient driving, consequently saving energy contributing to the sus-
tainability of Smart City.

Cars are evolving into smarter version, reaching optimally autonomous driving or
the so-called “self-driving cars”. Those foreseen smart cars should be able to sense
other cars, know about traffic and make smart decisions based on the obtained infor-
mation. The move towards smarter transportation is motivated by higher safety and
more efficiency. To achieve such goals, different sensing capabilities are required.
Self-driving cars need to sense other cars, as well as pedestrians and any obstacle on
the road. To provide efficient transportation, traffic needs to be monitored, so smart
cars would be able to choose faster routes based on traffic. Additionally, for safety of
cars and their passengers, certain sensors are required within the cars themselves,
such as temperature monitoring, fluid measurement, brake testing, etc. All those
functionalities require a huge numbers of sensors to be implemented in our future
smart mobility scenario. Those sensors have to be highly accurate and reliable.
Different types of sensors have been already deployed in the first generation of smart
mobility, and intelligent transportation system (ITS), including traditional electrical
and mechanical sensors. This field has a potential market for OFSs, as well. OFSs
can provide many required measurement capabilities in the field. For instance, pres-
sure monitoring OFSs can be used in streets to monitor the amount of traffic in dif-
ferent roads. Moreover, temperature monitoring OFSs can be used in vehicles either
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to control the temperature of the vehicle to keep it at the comfort temperature for
passengers, or monitoring the temperature of the engine, to alert if it gets too heated.
This field of smart mobility and intelligent transport system (ITS) is rapidly evolv-
ing, and it will definitely have multiple opportunities for the use of OFSs.

5.6 Summary

This chapter has provided a quick look into the world of “Internet of Things”. The
chapter started with an introduction to IoT, its main enablers, motivation and com-
ponents. The chapter then provided a vision of how IoT can be split into different
categories.

The chapter then moved to the more relative topic of sensors in IoT. The chapter
discussed the required characteristics of sensors to be deployed in IoT. Afterwards,
some examples of IoT applications have been introduced. Different categories of
IoT, where authors see that OFSs would fit and offer advantages over traditional
electronic or mechanical sensors, are then discussed. The categories discussed were
smart composite materials, smart wearable devices, eHealth and Smart City. Within
each category, different applications have been presented, specifically those where
OFSs have high potential.
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Chapter 6
Conclusion

The continuous progress in electronics has led to disruptive innovations in the field
of networking, towards the formation of a ubiquitous wireless network, which paved
the way to the world of Internet of Things (IoT). The Internet of Things stands for a
fully connected world, providing independent automated intercommunication
between smart “Things”, which act accordingly, based on information they receive
or perceive from surrounding environment. The term “Things” here refers to smart
devices that exist in our world, being either a vehicle (smart car, bus, taxi, or train),
or a device in the house/building/city (heating systems, water distribution systems,
even a fridge or a coffee machine) or in health care system (i.e. eHealth, in smart
monitoring of patients, or gadgets such as smart watch or fitbits), just to mention
some examples.

IoT was made possible through multiple enabling technologies, including ubiq-
uitous wireless networking, widespread of smartphones, higher speed of data rates,
and big data technologies, among others. Moreover, the heart of the [oT implemen-
tation lies in the sensing technology, which basically enables all “Things” to acquire
valuable information from the environment and other smart devices, in order for an
informative decision or an action to be taken by one smart device or more.

In order for IoT to provide its utmost potential, the sensing technology imple-
mented must provide highly accurate information. Therefore, there is a considerable
amount of research being done in the field of sensing technologies, investigating
multiple various techniques such as mechanical or electronic. However, in recent
years, the field of optical fiber sensing has been rigorously researched. The high
interest in this new promising technique has been verified by the consumption mar-
ket growth, which is predicted to reach approximately US$4.5 Billion, by 2020 [1].
Such growth is a reflection of the advantages and outperformance offered by this
type of sensing, when compared to electronic or mechanical technologies in the
same category.

Optical Fiber Sensors (OFSs) are highly advantageous, since they are small in
size, light weight, resilient to external harsh environment and immune to
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electromagnetic interference, bio-compatible; rendering OFSs multifaceted solu-
tion for applications in the fields of structural health monitoring, eHealth, bio-chem-
ical control analysis, energy power plants, smart city, etc.

Moreover, they can be produced using regular optical fibers typically used in
telecommunication field, representing a cost effective solution with the added abil-
ity of data transmission along the same type of fiber.

Due to their increasing popularity, cost-effectiveness and high performance,
numerous research efforts have been dedicated to study Optical Fiber Sensors, con-
tinuously working towards cheaper, more efficient and higher resilient sensors. This
was the main motivation behind producing a brief covering the topic of Optical
Fiber sensing, its multiple modulation techniques, its various applications, high-
lighting its advantages and limitations, and discussing proposed solutions to over-
come such limitations, especially efforts towards reducing the production and
implementation costs of OFSs.

The brief introduces the multiple modulations and demodulation techniques,
along with their more common sensing applications. The modulation techniques
vary between intensity-based, wavelength-based, frequency-based, and phase-
based. One intriguing characteristic of OFSs is their ability to be implemented in a
distributed manner, where an optical fiber can provide continuous measuring of
certain parameters along its whole length. This specific property offers an appealing
cost-effective solution. Following the same thoughts of cost-effectiveness, low-cost
OFS production alternatives are introduced within the brief.

In addition to the typical silica optical fibers used in sensing, polymeric optical
fiber (POF) paved its way into the optical fiber sensing market, as an economical
alternative. This type of fiber can be produced considerably cheaper than silica opti-
cal fiber. Moreover, polymer based sensors, although with different sensitivities, can
be as accurate as silica based optical fibers. More importantly, the optical sources
and detectors required in the modulation for POF sensors are low-cost/cost
effective.

Finally, IoT concept is rapidly spreading across every aspect in our world.
CISCO has anticipated that by year 2020, around 26.3 billion devices will be
interconnected to the network (cloud or Internet) [2]. This represents a great mar-
ket opportunity. In the heart of this huge market, sensing is a key enabling tech-
nology, without which IoT cannot survive. OFSs provide cost-effective, high
performance, resilient solution, that can be used in different applications of IoT,
including Smart Housing, Intelligent Transportation System (ITS), structural
health monitoring (SHM), and more critical in the field of smart healthcare (i.e.
eHealth). OFSs offer great characteristics for implementation within biomedical
and health monitoring devices, since they are small in size, light weight, and espe-
cially immune to electromagnetic interference. For instance, this last property
enabled OFSs to be used in the critical environment that is Magnetic Resonance
(MR)-compatible setup. The use of OFSs in IoT has been discussed, highlighting
their offered advantages and their future potential uses.
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In summary, this brief provides a complete overview of optical fiber sensing, for
readers interested in the field, and especially for readers new to the field, looking for
a perfect venue to use as a starting point of their research in such field of high poten-
tial future.
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